Haemodynamic evaluation of coronary artery plaques : prediction of coronary atherosclerosis and disease progression by Chaichana, Thanapong
 1
Faculty of Science and Engineering 
Department of Imaging and Applied Physics 
 
 
 
 
 
 
 
 
 
 
Haemodynamic Evaluation of Coronary Artery Plaques: Prediction 
of Coronary Atherosclerosis and Disease Progression 
 
 
 
 
 
 
 
 
Thanapong Chaichana 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This thesis is presented for the Degree of 
Doctor of Philosophy 
of 
Curtin University 
 
 
 
 
 
 
 
 
June 2012 
 
 
 
 2
 
 
 
 
 
Declaration 
 
 
 
 
 
 
 
 
 
“To the best of my knowledge and belief this thesis contains no material previously 
published by any other person except where due acknowledgement has been made.” 
 
“This thesis contains no material which has been accepted for the award of any other 
degree or diploma in any university.” 
 
 
 
 
 
 
 
 
 
 
 
                              
               ....................................................            
                        Thanapong Chaichana                               
 
 
                              9th August 2012            
 
 
 
 
 
 
 
 
 
 
 3
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To my mother, my father, and persons who always support me. 
 
 
Kitsana Chaichana 
Prasert Chaichana 
Zhonghua Sun 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 4
 
 
 
Abstract 
 
 
 
 
Coronary artery disease is the leading cause of death in advanced countries. 
Coronary artery disease tends to develop at locations where disturbed flow patterns 
occur, such as the left coronary artery. Haemodynamic change is believed to play an 
important role in the pathogenesis of coronary artery disease. This study was 
conducted to analyse the haemodynamic variations in the left coronary artery, with 
normal and diseased conditions, based on idealised human left coronary artery 
models and realistic reconstructed left coronary geometries. Computational fluid 
dynamics analysis was performed, to replicate the actual physiological conditions 
that reflect the in vivo cardiac haemodynamics with high resolution CT images. The 
wall shear stress, wall shear stress gradient, velocity flow patterns, pressure gradient, 
wall pressure, wall pressure gradient, wall pressure stress gradient, were calculated 
though in idealised but near realistic left coronary geometries during the cardiac 
pulsatile cycles. This novel research was performed in four stages, with Stage 1 
studying the correlation between bifurcation angle and subsequent haemodynamic 
effects; Stage 2 focused on the position of plaques in the left coronary artery and 
corresponding haemodynamic variations based on realistic models; Stage 3 
investigated the impact of plaques on coronary side branches based on realistic 
models. Stage 4 analysed individual patients with the bifurcation stenosis based on 
CT images. 
Normal coronary artery geometries were generated to investigate the haemodynamic 
variations of various angulations of the left coronary artery, based on idealised and 
actual coronary artery models. Eight idealised left coronary artery models were 
generated, with inclusion of different coronary angulations, namely, 120°, 105°, 90°, 
75°, 60°, 45°, 30° and 15°. Four realistic left coronary artery geometries were 
reconstructed, based on selected patient's data, with angulations ranging from wide 
angulations of 110° and 120° to narrow angulations of 73° and 58°. There were 
twelve left coronary artery models in total which consisted of left main stem, left 
anterior descending and left circumflex branches. Haemodynamic analysis showed 
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that disturbed flow patterns were observed in both idealised and realistic left 
coronary geometries with wider angles. Wall pressure was found to reduce when the 
flow changed from the left main stem to the bifurcated locations. A low wall shear 
stress gradient was revealed at left main bifurcations in models with wide 
angulations. There is a direct correlation between coronary angulations and 
subsequent haemodynamic changes, based on realistic and idealised geometries. 
Diseased coronary geometry was used to study the haemodynamic changes 
surrounding the bifurcation plaques based on patient’s data. High resolution CT 
images of the coronary plaques were used to locate and generate the position of 
actual plaques, which was combined with the reconstructed left coronary disease 
geometry. Coronary plaques were replicated and located at the left main stem and the 
left anterior descending to produce at least 60% coronary stenosis. Computational 
fluid dynamic analysis was used to investigate the haemodynamic effects with and 
without the presence of coronary plaques. Our results revealed that the highest 
pressure gradients were observed in stenotic locations caused by the coronary 
plaques. Low flow velocity regions were found at post-stenotic locations in the left 
bifurcation, left anterior descending, and left circumflex. Wall shear stress at the 
plaque locations was similar between the non-Newtonian and Newtonian models, 
although more details were observed with non-Newtonian model. There is a direct 
correlation between coronary plaques and subsequent haemodynamic changes, based 
on the simulation of plaques in the realistic left coronary geometries. 
Coronary artery disease with their side branches was used to analyse the change of 
haemodynamic factors surrounding bifurcation plaques to characterise the effect of 
disturbed flow to their side branches. Coronary plaques were located at the left main 
bifurcation, which is composed of the left main stem and the left anterior descending 
to generate >50% narrowing of the coronary lumen. Haemodynamic parameters were 
compared in the left coronary artery models, with and without the presence of 
plaques. The analysis demonstrated that wall shear stress decreased while wall 
pressure stress gradient was increased in coronary side branches due to the presence 
of plaques. There is a direct relationship between coronary plaques and subsequent 
haemodynamic changes based on the bifurcation plaques located in the realistic 
coronary geometries. 
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Patient-specific models with coronary disease were used to analyse the 
haemodynamic variations surrounding the stenotic locations. Three sample patients 
with left coronary artery disease were chosen based on CT data. Coronary plaques 
were shown at the left anterior descending and left circumflex branches with more 
than 50% lumen narrowing. Wall shear stress and blood flow changes in the left 
coronary artery disease were calculated during cardiac pulsatile cycles. Our results 
showed that wall shear stress was found to increase at the stenotic regions and 
decrease at pre- and post-plaque regions, while the disturbed flow regions was found 
at post-plaque location. There is a direct effect bifurcation plaque on the changes of 
blood flow and wall shear stress, based on the realistic coronary disease geometries. 
In summary, the results of this project show that coronary angulation is directly 
related to haemodynamic changes, resulting in the formation of atherosclerosis, 
leading to coronary artery disease. Presence of coronary plaques impacts the 
haemodynamic changes to both the left main coronary artery, and side branches. 
Computational fluid dynamic analysis of realistic normal and diseased coronary 
models improves our understanding of the pathogenesis of coronary artery disease. 
Further studies are needed to correlate the haemodynamic changes in the presence of 
plaques with clinical outcomes in patients with suspected coronary artery disease. 
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Chapter 1 
 
 
General Introduction 
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1.1 Research Overviews 
 
 
Biomechanics is a study of mechanics, applied to biology, which provides an 
understanding of the mechanics of life and living organisms (Fung 1993). In general, 
biomechanics is focused upon natural life sciences, particularly the analysis of heat 
and mass transfer, thermodynamics, and dynamic systems. The majority of recent 
research in biomechanics has been focused on physiological and medical 
applications. The latest computer technologies have had an increasing influence upon 
medical health care, professional engineers have become closely involved in many 
medical enterprises (Enderle and Bronzino 2011; Tu et al. 2008). Thus, the discipline 
of biomedical engineering has been established to bridge the gap between medicine 
and engineering. Biomedical engineers have aided the fight against disease by 
developing medical tools such as image processing and analysis, artificial 
intelligence, biomaterials and biosensors. They serve as a relatively new member of 
the medical health care community, who provide new solutions for research, 
diagnosis and treatment of various kinds of disease. 
This thesis presents research which is emerging in the field of biomedical 
engineering, concerned with the application of biomechanics to the cardiovascular 
system. Coronary artery disease is the leading cause of death in Australia, and other 
developed countries and it has become a serious issue for the health care system 
(Australian Institute of Health and Welfare 2006).  
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Over the last decade, clinicians have been searching for effective and accurate 
methods for early detection and diagnosis of coronary artery disease. The established 
technique is invasive coronary angiography. Coronary angiography has a high 
diagnostic value owing to its superior spatial and temporal resolution. However, it is 
not only an invasive procedure, but also is associated with procedure-related 
morbidity (1.5%) and mortality (0.2%) (Noto et al. 1991). Less-invasive cardiac 
imaging has experienced rapid growth in recent years. Several techniques have been 
developed for diagnostic and prognostic workup of patients with proven or suspected 
coronary artery disease. 
These modalities include computed tomography (CT), magnetic resonance imaging 
(MRI) and nuclear medicine imaging (Nieman et al. 2001; Sommer et al. 2005; 
Hachamovitch et al. 1998).  Although there is no less-invasive imaging modality that 
can replace invasive coronary angiography, the development of new modalities 
provides unique opportunities to detect and diagnose coronary artery disease less 
invasively, when compared with coronary angiography (Sun et al. 2011). Despite 
rapid developments in cardiac CT and MRI imaging, these imaging techniques are 
still limited to the visualisation of anatomical details, and no information is available 
on the haemodynamic changes, directly related to the development of coronary artery 
disease. 
Biomechanics using computational fluid dynamics represents a fast emerging area 
which is increasingly used in the diagnostic management of cardiovascular disease. 
This is the main motivation for performing this study with the aim of improving our 
understanding of haemodynamics in patients with suspected coronary artery disease, 
with a focus on the left coronary arteries. The flow diagram of this study is shown in 
Figure 1. 
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Figure 1. Flow chart demonstrates the summary of the research plan 
 
1.2 Aims and Significance 
 
 
This research is to evaluate the haemodynamics of the coronary artery, and to predict 
plaque progression and blood flow in coronary artery disease. Therefore, the 
objectives of this study are as follows: 
1. To provide haemodynamic analysis of both healthy and diseased  
coronary arteries at various cardiac pulsatile cycles; 
Patients with clinical symptoms 
Clinical diagnosis 
Classification of healthy and diseased 
left coronary artery 
Computational modelling of  
left coronary artery 
CFD analysis 
Prediction and characterisation of  
coronary artery disease   
Visualisation of coronary artery models 
Health care professionals 
Biomedical engineers 
A new clinical diagnosis 
 
 
27
 
 
 
 
2. To improve understanding of the effect of coronary plaques on 
coronary haemodynamics; 
3. To assist cardiologists in identifying patients at risk of developing 
coronary disease; 
The purpose of this study is to investigate the haemodynamic environment in human 
coronary arteries in both normal and abnormal conditions. The healthy coronary 
arteries are analysed to characterise the possible development of atherosclerosis, and 
enable the prediction of the actual plaque locations. The diseased coronary arties are 
analysed to demonstrate disease progression, and blood flow change surrounding the 
plaque positions. Since coronary artery disease is one of the leading causes of death 
in Australia and developed countries, the patients who suffer from coronary artery 
disease will continue to increase in the future. Thus our proposed study will play an 
important role in both the diagnosis and the prevention of cardiac disease events. The 
detailed objectives of the study are as follows: 
1. To perform computational fluid dynamic analysis of normal and 
diseased coronary arteries; 
2. To simulate the main bifurcation in healthy left coronary arteries with 
various angulations, and analyse the corresponding blood flow changes; 
3. To characterise plaques in the diseased left coronary arteries with 
different configurations and corresponding haemodynamic variations; 
4. To perform computational fluid dynamic analysis in specific patients 
with suspected coronary artery disease, with the intention of identifying 
the risk of developing coronary disease; 
5. To apply research results in specific patients for risk stratification, and 
prediction of disease progression. 
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1.3 Research Schemes 
 
 
The research schemes are divided into four stages; 
1. Computational analysis of a healthy left coronary artery to predict 
atherosclerotic progression; 
• An initial study of the left coronary artery, with variable 
angulations at the left main bifurcation to investigate the 
influence of the degree of bifurcation angle upon atherosclerotic 
progression. 
2. Computational fluid dynamic analysis of the diseased left coronary 
artery bifurcation is conducted to characterise the haemodynamic 
environment at the plaque location; 
• In this stage, coronary artery disease with realistic plaques is 
simulated at the left main coronary bifurcation. The 
haemodynamic parameters are calculated and visualisations of 
the blood flow environment surrounding the plaque locations 
are produced. 
3. Haemodynamic analysis of the plaques at the main bifurcation in the 
left coronary artery; 
• In this third stage, the actual plaques are reconstructed at the 
main bifurcation in the left coronary artery. Then 
haemodynamic variations are analysed to predict the impact of 
flow velocity effects at the main bifurcation to coronary side 
branches. 
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4. Computational analysis of specific patients with left coronary artery 
disease, to characterise the haemodynamic factors surrounding the 
plaque regions. 
• In this final stage, patients suspected of coronary artery disease 
are selected to provide realistic coronary artery anatomy and 
side branches. The analysis is used to characterise the flow 
environment near to the plaque locations. 
 
1.4 Background of Coronary Artery Disease 
 
 
The heart is the centre of human circulatory system, pumping the blood through 
vascular channels to the whole body for maintaining normal physiological functions. 
Cardiac function requires the supply of nutrition and oxygen which is carried by the 
blood through coronary arteries, to supply the heart muscles. Left and right coronary 
arteries originate at the root of the aorta behind the left and right cusps of the aortic 
valve (Berne and Levy 2001). The left coronary artery (LCA) arises from the left 
coronary sinus, and it is divided into the left anterior descending (LAD), left 
circumflex (LCx) and their side branches. The LCA and its side branches principally 
supply the blood to the left ventricle and atrium. The right coronary artery (RCA) 
originates from the right coronary sinus, with descending branches. The RCA 
primarily supplies the blood to the right ventricle and atrium (Rushmer 1976). In 
coronary circulation, LCA is present in 30% of the human heart, RCA is dominant of 
the aorta branch in another 50%, and the flow balanced by each main coronary artery 
is approximately 20% (Berne and Levy 2001). The left and right coronary arteries 
and their branches are shown in Figure 2. 
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Figure 2. 3D CT images of the heart present the left coronary artery and their side 
branches (left image), and the right coronary artery (right image). 
The blood flows through the lumen of the coronary artery, and has direct effect upon 
the coronary wall mechanism. The wall of the coronary artery has three layers, which 
are as follows: the adventitia (outer), the media (middle), and the intima (inner). 
These three layers bordering the vascular channel are shown in Figure 3. 
• Outer layer of coronary wall 
The adventitia is the external layer of the coronary artery and is composed of 
the cells that generate collagen and elastin (fibroblasts and fibrocytes), thick 
bundles of collagen fibrils forming a fibrous tissue. The thickness of 
adventitia layer is strongly dependent on the type of elastic or muscular, 
physiological function of the blood vessels and its topographical vessel 
location, for example, the walls of cerebral vessels practically have no 
adventitia layer (Holzapfel et al. 2000). 
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Figure 3. Healthy coronary artery demonstrates the three layers of mechanical wall 
components surrounding the vessel lumen (adopted from Holzapfel et al. 2000), 
reprinted with permission from Springer Publishing Company, New York, NY. 
• Middle layer of coronary wall 
The media layer of the coronary artery is composed of smooth muscles, 
elastin, and collagen fibrils. This layer is distinctly separated from the 
adventitia and intima layers. The structure of the media layer provides high 
strength to resist the loads in circumferential and longitudinal directions 
(Holzapfel et al. 2000). 
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• Inner layer of coronary wall 
The intima layer is the inner level of the coronary wall mechanism, composed 
of a single layer of endothelial cells. The thickness of the intima layer varies, 
depending strongly on the age of the human, and the topography at the vessel 
location, specifically the diseased section. In a young human specimen, 
healthy coronary vessel has a very thin intima layer, and is insignificantly 
associated with the mechanical properties of the blood vessels. However, it 
should be noticed that the diseased condition is associated with age 
(arteriosclerosis), which contributes to vessel properties and may have a 
significant effect upon intima thickness and stiffness (Holzapfel et al. 2000). 
It is also known that pathological changes are significantly related to changes in the 
intimal layer. These changes may be associated with atherosclerosis progression. The 
intimal components are formed by the deposition of fatty substances, calcium, 
collagen fibres, cellular waste products, and fibrin (a clotting material in blood). The 
consequential development is called “atherosclerotic plaques”, the most common 
disease in the arterial walls. In later stages, the media layer is also affected after the 
endothelial cells are damaged. In addition, the blood flows through the coronary 
artery lumen in certain locations where changes of vessel geometries (tortuous or 
bending sections) affect blood flow behaviour. These changes may generate different 
forces to affect the intima layer, specifically the vessel walls. The resulting blood 
flow changes create a region of “Disturbed flow” that may be associated with the 
alignment of endothelial cells, and is linked to the changes of arterial wall shear 
stress. Consequently, the blood flow velocity changes in vascular lumen and the 
aging of the population are related to coronary artery disease, and both parameters 
may have a direct effect upon endothelial cell damage at the intimal layer, thus, 
affecting the intimal thickness. 
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Atherosclerotic plaque is associated with lipid deposition in the subendothelial 
domain, intimal thickening, and arterial wall injury resulting from local blood flow 
effects (Chandran et al. 2006). These general features are located at bifurcation, 
curvature, and branching points. These arterial sections are haemodynamic 
complications which lead to the formation of atherosclerotic lesions (DeBakey et al. 
1985). In the last four decades, theories have been proposed for the initiation and 
development of atherosclerotic plaques (Chandran et al. 2006). The postulation is 
that the arterial regions of low wall shear stress are involved in the deposition of 
endothelial cells to the intimal layer by the blood flow moving slowly in an area with 
excessive lipids (Caro et al. 1971a, 1971b). On the other hand, the arterial locations 
of high wall shear stress are susceptible to endothelial cell damage, formation of 
atherosclerotic lesions, and possible rupture (Fry 1968, 1969). The example of 
coronary artery lesions shows the atherosclerotic plaque occurring at common 
bifurcation locations, as shown in Figure 4. 
 
 
Figure 4. Locations of atherosclerotic lesions associated changes in intimal wall 
thickness (adopted from Parmet 2004), reprinted with permission from American 
Medical Association, United States. 
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Coronary artery disease is the main cause of death, worldwide. In Australia, 
specifically, it is responsible for the death of approximately 47,637 Australians per 
year, accounting for 36% of total deaths in Australia. It is also a leading cause of 
disability, for approximately 1.4 million Australians, 6.9% of the total population in 
2004 (Australian Institute of Health and Welfare 2006, 2011). Moreover, in 2006, the 
Australian Institute of Health and Welfare produced a National Health Survey, 
showing that about 1.7% of the respondents had coronary artery disease. In April 
2010, the Australian Institute of Health and Welfare stated that Australian people at 
different ages tend to be affected with cardiovascular disease and showed that 
Australian deaths due to coronary artery disease were about 50.3% of total 
cardiovascular disease, accounting for 22,983 Australians in 2006 (Australian 
Institute of Health and Welfare 2010). Most significantly, the mortality rate due to 
coronary artery disease has increased by 70% since the late 1960s. Therefore, early 
detection and diagnosis of coronary disease is particularly important for the reduction 
of mortality and subsequent complications (Australian Institute of Health and 
Welfare 2006, 2011). 
 
1.4.1 Review of coronary artery disease 
 
 
The most common cause of coronary artery disease is atherosclerosis, which is 
caused by the presence of plaques in the artery wall, resulting in lumen stenosis. 
Plaques are a particular cause of blood clots, and block blood flow to the heart 
muscle. This event occurs when coronary plaques suddenly rupture, and if a clot 
cannot be treated in a timely manner then the heart muscle will be impaired due to 
ischemic changes, leading to ischemia or myocardial infarction or necrosis 
(Australian Institute of Health and Welfare 2006, 2011). 
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The natural history of coronary plaque is dependent not only on the formation and 
progression of atherosclerosis, but also on the vascular remodelling response. If the 
local WSS is low, a proliferative plaque will form (Samady et al. 2011). Local 
inflammatory response will stimulate the formation of so-called “vulnerable plaque” 
which is prone to rupture with superimposed thrombus formation.  The vast majority 
of these inflamed, high-risk vulnerable plaques cannot be detected by anatomic 
imaging and myocardial perfusion imaging. Since the progression and development 
of vulnerable plaques is associated with low WSS and the presence of expansive 
remodelling, measurement of these characteristics in vivo will enable risk 
stratification for the entire coronary circulation (Rybicki et al. 2009). 
Furthermore, some preliminary studies have been done in the development of 
mathematical models of calcified plaques (Sun et al. 2009). Plaques were simulated 
in the main bifurcation with the assumption of a concentrated calcium property, and 
they studied the effects of blood flow variations surrounding the bifurcations. The 
proposed progression of the plaque may have potential risk factors in the provision of 
stenotic locations with high WSS. This study also reflected potential clinical 
applications in providing visualisation of haemodynamic parameters in actual 
situations where practical experimental measurement of blood flow velocity changes 
are unavailable. 
The wall shear stress, wall pressure and blood flow changes in a human body cannot 
be measured directly in blood vessels, but CFD can provide an alternative ways to 
predict coronary artery disease (Samady et al. 2011; Shanmugavelayudam et al. 
2010). The WSS factor in the coronary artery is known as playing a significant role 
in the initiation of coronary disease (Johnston et al. 2004). 
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In addition, previous studies investigated the prediction of atherosclerotic lesions 
within the normal coronary artery and WSS, as the local vessel wall demonstrates 
anatomical sections predisposed for the development of atherosclerosis (Soulis et al. 
2006). Their findings focused upon the early detection of atherosclerotic progression 
but their studies did not compare the analysis of normal artery with that of coronary 
disease conditions. Furthermore, primary research studied specifically, the abnormal 
cardiac condition based on an in vivo model of the left coronary artery bifurcation, 
with the aim of describing the relationship between WSS, wall thickness and 
remodelling of the specific patient (Gijsen et al. 2007). The limitation of their study 
was that only one site of coronary disease was analysed, and no comparison was 
performed with normal cardiac conditions. Therefore, a more in-depth study under 
normal condition is required. CFD analysis provides a reliable means to estimate 
blood flow within the coronary artery, but it needs realistic geometries that are 
rendered precisely, to simulate in vivo conditions (Samady et al. 2011). 
CFD simulation requires the solution of the Navier-Stokes equations to calculate the 
WSS, wall pressure, flow patterns and other haemodynamic parameters. This 
calculation can be performed with either idealised, or realistic geometries at different 
cardiac cycles. For the realistic models, computational simulation can be performed 
with three-dimensional volume rendered CT data of the coronary artery with normal 
and diseased environments. In addition, the fluid mechanics of the computational 
study are based on the laws of mass conservation and motion, to compute small 
elements of volume data of coronary geometries. CFD has proven accurate in the 
prediction of accelerated atherosclerosis and inflammation enlargement (Samady et 
al. 2011; Shanmugavelayudam et al. 2010; Rybicki et al. 2009). 
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So far, a few studies have been done in the analysis of coronary artery disease, 
particularly where coronary plaques rupture, causing ischemia or myocardial 
infarction or necrosis. At the early stage, the cross-sectional models of plaques were 
generated with 86% stenosis (Versluis et al. 2006). In their analysis it was assumed 
that the plaque condition represented a chronic injury process, and multiple pulsatile 
cycles were applied to calculate the two-dimensional (plane strain) stress 
distributions of three-dimensional stress models. The baseline anatomy of a two-
dimensional model is composed of artery wall, lumen, lipid, fibrous cap and plaque 
areas. Then, their study varied a circular baseline (radius of lumen) into five patterns 
of two-dimensional models of this analysis, grouped as follows: the first group 
consisting of three models of fibrous cap with its shape changed and the second 
group consisting of two models with lumen change (Versluis et al. 2006).  
The results showed that variant blood pressure had no effect on initiative areas and 
rupture directions. The biomechanics within the lumen of the internally pressurized 
artery predicted “highest stress” and suggested that rupture is unlikely to be caused 
by the lipids and sturts at the lumen. Later they concluded that these experimental 
results are reconciled in clinical evidence of acute plaque rupture and it could create 
a framework for developing strategies for biomechanically benign conditions that are 
least conductive to plaque rupture (Versluis et al. 2006). Consequently, it seems that 
the analysis of two-dimensional models of stress distributions needs more 
explanation. Three-dimensional analysis using timely computational analysis 
framework can be used to understand the haemodynamic effects of plaque 
progression and potential risk-factors. 
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In addition, a simulation of blood flow in the coronary artery showed that fatal 
vulnerable-plaques influenced micro-calcifications in eccentric stenosis models. 
Furthermore, this study compared two cases with, and without micro-calcification 
(including a fibrous cap). The analytical results showed that the embedded 
calcification model displayed “higher WSS” regions in the fibrous cap, upstream of 
the calcification location, with stress disseminating to the deformable areas of 
structure around calcification location (Speelman et al. 2011; Bluestein et al. 2008). 
Additionally, they argued that the results of their study were supported by findings 
that micro-calcification increased plaque weakness (Speelman et al. 2011; Bluestein 
et al. 2008). Nevertheless, their study was limited to include only one pattern of 
calcification model, and further studies are needed to investigate the effect of 
different calcification patterns and plaque mechanisms on potential risk factors. 
Therefore, computational analyses of healthy and diseased coronary arteries are 
required to explain the causes of heart attacks. 
In summary, vulnerable plaque conditions in coronary artery disease lead to sudden 
heart attacks or myocardial infarction. Many studies have been conducted in normal 
coronary analysis (Torii et al. 2008; Soulis et al. 2006; Johnston et al. 2004, 2006; 
Jung et al. 2006) to predict plaque development and progression. Whereas, a few 
studies have been performed in analysing coronary disease conditions with 
simulation of coronary plaques (Katritsis et al. 2010; Shanmugavelayudam et al. 
2010; Bluestein et al. 2008; Versluis et al. 2006) and currently these studies need 
more investigation for various plaque patterns. CFD analysis may be able to 
demonstrate to some extent the actual physiological haemodynamics in the presence 
of cardiovascular disease, thus, providing valuable information about pathological 
changes at an early stage. Furthermore, three-dimensional computational analysis 
allows for efficient and accurate computations that enable in vivo simulation of 
coronary artery geometries. Therefore, from a numerical point of view CFD analysis 
contributes to providing information which could assist clinical diagnosis and 
treatment of patients suspected of coronary disease, and can be used as the baseline 
datasets for medical treatments. 
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1.5 Review of Coronary Imaging 
 
 
Invasive coronary angiography is widely recognised as the standard technique for the 
diagnosis of coronary artery disease, and is routinely performed in an angiography 
suite. This invasive procedure involves the insertion of a flexible catheter into the 
femoral artery, which is then moved upwards along the abdominal aorta to the 
thoracic aorta, and then into the coronary arteries. It is performed under the guidance 
of x-ray fluoroscopy, with the aid of an injected contrast medium (Phillips 2002). 
Conventional coronary angiography is not only invasive, but also has an associated 
morbidity rate of 1.5% and mortality rate of 0.2% (Fishman 2005). In addition, 
coronary angiography is not able to predict the physiologic information about a 
coronary artery stenosis (Townsend 2008). Therefore, clinicians are looking for non-
invasive or less invasive imaging modalities with an acceptable diagnostic accuracy 
(Mahesh 2002). 
Cardiac imaging has experienced rapid growth in recent years. Several techniques 
have been investigated for the diagnosis and prognosis of patients with proven or 
suspected coronary artery disease. Although currently, there is no less-invasive 
imaging modality that can replace conventional coronary angiography, the 
development of CT, MRI contributes to the less-invasive detection and diagnosis of 
coronary artery disease, when compared with coronary angiography (Takuro et al. 
2007; Hingorani et al. 2007). 
Despite promising results having been achieved with these less-invasive modalities, 
the application is still limited to the visualisation of anatomical details such as 
stenosis or occlusion. Haemodynamic interference due to the presence of coronary 
plaques and subsequent flow variations cannot be assessed by traditional imaging 
techniques. Therefore, identification of coronary plaques that may induce cardiac 
events is of paramount importance for reducing the mortality and improving 
healthcare in patients suspected of coronary artery disease. 
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1.6 Brief Analysis of Flow in Coronary Artery 
 
 
Computational fluid dynamics (CFD) is a numerical method used to solve and 
analyse problems involving fluid flows. CFD is a widely developed numerical 
technique for solving complex problems in many fields of modern engineering. 
However, in biomedical engineering, medical imaging data can be used to generate a 
realistic geometry of interest, and CFD is principally used to investigate blood flow 
behaviour in this geometry. 
Recently, attempts have been made to use CFD to study the flow in biomedical 
applications, for example, haemodynamic flow in the cardiovascular system, and the 
airflow in the human upper airway. With rapid advances in hardware and software in 
recent years, CFD has increasingly been used in biomedical research to improving 
our pathophysiological understanding of the progression and development of human 
disease (Lee 2011; Tu et al. 2008). 
Previous research has indicated that CFD models of flow in the human coronary 
artery can provide information which is comparable with invasive clinical 
investigation. There is clinical evidence that recirculation regions play an important 
role in the initiation and progression of atherosclerosis (Kleinstreuer et al. 2001). 
Key haemodynamic wall parameters were analysed to indicate vulnerable locations 
of intimal thickening, constructive to the development of thrombi (Kleinstreuer et al. 
2001). These primary parameters include wall shear stress and wall pressure, which 
are commonly used to interpret clinical and experimental observations. These 
parameters can be used as the indicator for the locations of potential stenosis 
development, and the prediction of further disease developments and vessel 
remodelling. Currently, a key focus is on using CFD for the prediction of vulnerable 
regions and disease progression in the subsequently remodelled coronary arteries. 
There are generally four parameters of interest: wall shear stress, wall pressure, wall 
pressure stress gradient, and velocity. These four parameters will be discussed briefly 
in the following sections. 
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1.6.1 Wall Shear Stress 
 
 
Wall shear stress is defined as (Ku 1997; Katritsis et al. 2007a, 2007b; Pantos et al. 
2007):  
WW γμτ &⋅=                                              (1.1) 
where μ  is dynamic viscosity of liquid, 
dy
du
W =γ&  is shear rate; u  is flow velocity is 
along the wall, and y  is the coordinate in a direction perpendicular to the wall. 
Wall shear stress is the tangential force per unit area, exerted by a liquid. Shear stress 
is dependent on the velocity gradient in the near-wall region. 
Steady laminar flow in a cylindrical tube provides a reasonable estimate of the mean 
wall shear stress in arteries, and can be expressed as: 
3
32
D
Q
Wall π
μτ =                                             (1.2) 
where Q  is volume flow rate, μ  is dynamic viscosity of liquid, D  is mean 
diameter of conducted cylindrical tube (Ku 1997; Katritsis et al. 2007a, 2007b; 
Pantos et al. 2007). 
 
Circulatory blood flow induces a drag-force between the vessel wall, and it is 
implied that variations in this force affects the structural and functional integrity of 
endothelium cells in the inner level (intima layer) of the vessel wall, (shown in 
Figure 3) (Milnor 1982; Pantos et al. 2007). 
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Disturbed flow patterns are caused by the various geometric features of blood 
vessels, for example, sudden expansions, branches and bifurcations. These features 
directly influence changes in wall shear stress (WSS). In general, WSS variations are 
accompanied by the changes to endothelial cell morphology. Although endothelial 
cell morphology is affected by laminar flow in steady conditions, it can nevertheless 
still take several hours to modify its cell alignment. WSS changes are not suddenly 
accommodated by the movement of the transient blood flow. In addition, the 
responses are shown inside the nucleus of cells almost instantaneously. This means 
that WSS variations may modify the endothelial cell morphology (Kleinstreuer et al. 
2001). Smooth laminar blood flow influences WSS alterations under normal 
conditions, as shown in Figure 5, while WSS changes adjust the endothelial cell 
alignments, which are likely linked to the progression of atherogenesis, as shown in 
Figure 6. 
 
 
 
Figure 5. Laminar flow passes the artery walls (adopted from Traub and Berk 1998), 
reprinted with permission from Wolters Kluwer Health, the Netherlands. 
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Figure 6. Disturbed flow passes the artery walls (adopted from Traub and Berk 
1998), reprinted with permission from Wolters Kluwer Health, the Netherlands. 
 
The WSS is a commonly used parameter in haemodynamic analysis. The endothelial 
cells have been shown to align themselves with the flow direction that corresponds to 
the local WSS. Thus, this parameter provides information about potential damage to 
the endothelial cells which could induce atherosclerotic progression (Kleinstreuer et 
al. 2001). The WSS is defined as: 
dt
T
T
n
tv  1 WSS
0∫ ∂
∂= μ                                              (1.3) 
where μ  is blood viscosity,  vt  is velocity vector near wall perpendicular to the 
surface and n  is distance to the wall surface, T  is pulsatile period, dt is the time 
derivative of the local shear stress. A recent study has shown that high WSS regions 
were caused by a sudden increase of flow velocity in the stenotic section of blood 
vessels. These regions of high WSS may lead to plaque rupture (Samady et al. 2011). 
Furthermore, studies have revealed that the low WSS regions were caused by 
disturbed flow, which passes the artery walls, and low WSS may induce plaque 
formation (Samady et al. 2011; Koskinas et al. 2012). 
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1.6.2 Wall Pressure 
 
 
The blood flow in the coronary artery induces variations in the pressure field 
(Giannoglou et al. 2005, 2002; Ku 1997). Blood pressure within the coronary artery 
is unsteady and pulsatile, and varies according to the systolic and diastolic phases of 
the cardiac cycle. The pulsatile pressure in the left coronary artery during the cardiac 
cycle, represents a unique local pressure field that suddenly increases in the transition 
from the systolic to the diastolic phase, furthermore this corresponds with a short 
period of reverse flow (Nichols and O’Rourke 2005). 
The normal blood pressure fluctuates between (approximately) 80 mmHg and 120 
mmHg (Nichols and O’Rourke 2005). It has been shown that the local wall pressure 
is strongly correlated with the development and progression of atherosclerotic plaque 
(Giannoglou et al. 2005, 2002). Therefore investigation of wall pressure in coronary 
artery enables the evaluation of the arterial wall condition. 
The velocity flow-field interacts with the vessel walls of the venous conduits in a 
number of ways, including pressure induced circumferential stress (Kleinstreuer et 
al. 2001). It has been stated that if pressure is approximately 200 mmHg, it can lead 
to endothelial cell damage, and changes to the mechanical properties of the coronary 
blood vessels (Chervu and Moore 1990). Therefore, haemodynamic parameters such 
as the wall pressure are used to characterise pressure variations throughout sections 
of vessel walls. Nevertheless, detail is restricted in certain locations, such as the 
coronary trees. Hence the characterisation of the local effect of the pressure 
distributions in coronary artery disease could be considered by using a wall pressure 
stress gradient parameter. 
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1.6.3 Wall Pressure Stress Gradient 
 
 
The parameter used to characterise the impact of plaques on coronary side branches 
is the local wall pressure stress gradient (WPSG). WPSG is dependent upon the local 
pressure field (Kleinstreuer et al. 2001). As a result, the WPSG is chosen to 
determine the impact of bifurcation plaques on the side branches. The WPSG 
indicates changing pressure loads on vessel walls leading to wall stress and strain 
problems (Kleinstreuer et al. 2001; Thubrikar and Robicsek 1995). The value of 
WPSG oscillates in relation to the percentage of plaques in the coronary lumen 
(Anderson et al. 1986). The WPSG is defined as: 
dt
T
T
n
p
U
d  21WPSG 
02
0 ∫ ∂
∂= ρ                                         (1.4) 
where p  is local wall static pressure in the area of interest, d 0 , U , and ρ  are the 
inlet diameter, the flow velocity and the density of the fluid, respectively 
(Kleinstreuer et al. 2001; Garcia et al. 2006; Cheng et al. 1973). 
WPSG indicates regions of high flow acceleration, which are associated with the 
development of atherosclerosis and coronary disease progression (Giannoglou et al. 
2005). The static WPSG or spatial WPSG values identify possible sites where 
atherosclerotic plaque can form due to the high WPSG value. In other words, the 
WPSG value is strongly linked to the stenosis location, and consequently to plaque 
rupture (Kleinstreuer et al. 2001; Garcia et al. 2006; Cheng et al. 1973). Therefore, 
the distributions of WPSG values in the normal and diseased coronary artery are 
important. 
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1.6.4 Velocity 
 
 
The cardiovascular system is an internal flow with multiple, tortuous branches, and 
unsteadiness characterises the flow-field. The Womersley number that governs the 
correlation between blood flow condition and fluid viscous forces, is a non-
dimensional frequency parameter (Ku 1997). Normal blood flow in arteries is 
laminar with secondary flow conditions generated at curves and branches. Arterial 
vessels are a living organ that can change and adapt its shapes, and coupled moving 
haemodynamic conditions. In certain positions, unusual blood flow can create an 
abnormal biological response at the arterial wall. Velocity profiles are skewed by the 
sudden change of native vascular sites. Atherosclerosis tends to be localised in the 
section of skewed blood flow (Ku 1997). Hence the study of arterial blood flow can 
have an effect upon the treatment and prediction of individual patients with unusual 
haemodynamic circumstances. 
As previously detailed in section 1.6.1, the velocity is a vector, which has direction 
and magnitude. The velocity in blood flow is dependent on the particular geometric 
features of the blood vessels. The geometry can cause disturbed flow, e.g. flow 
separation, recirculation region, complex vertical flows, the secondary flow 
velocities, stagnation point region. Previous studies have stated that the velocity was 
low in the location of disturbed flow patterns and this can cause low WSS 
(Kleinstreuer et al. 2001; Asakura and Karino 1990). Thus, the blood flow velocity 
will reveal the regions of interest. In addition, the flow performance indicators, such 
as, the time-averaged wall shear stress (TAWSS), oscillatory shear index (OSI), flow 
relative resistance time (RRT) are adopted by flow velocity indicator in blood flow 
research. Furthermore, in clinical trials, the fractional flow reserve (FFR) normally 
measured by using intravascular approaches such as intravascular ultrasound or 
invasive coronary angiography can also be predicted by CFD method. Thus, the 
stenosis lesions can also be classified easily by CFD approach with demonstration of 
FFR parameter.  
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1.7 Review of Arterial Flow Simulation 
 
 
According to the general CFD introduction in section 1.6, CFD was used to analyse 
human left coronary artery and characterise the haemodynamic parameters. An 
explanation of the application of CFD in the context of haemodynamic flow 
modelling, and its broad methodologies, is described as below. 
Among other factors, the flexible vessel wall of the LCA, the non-Newtonian 
behaviour of blood, and the tortuous geometry of arteries, cause the behaviour of the 
real LCA to be highly non-linear. In order for simulations of the LCA to be tractable, 
a number of assumptions must be made. Some of the basic assumptions are discussed 
below: 
• Arterial wall model 
A multitude of early studies have explored blood flow in the human artery 
based on the assumption that the arterial wall is rigid. Authors that used this 
approach include Sun et al. (2009) who investigated blood flow changes in 
the carotid artery. Katritsis et al. (2007a, 2007b) used a rigid coronary wall 
assumption in their investigation of WSS changes in a healthy coronary 
artery. Giannoglou et al. (2005, 2002) assumed that the LCA wall was rigid, 
to simulate blood flow variations in the LCA. He and Ku (1996) studied WSS 
effects in the LCA bifurcation using a rigid wall assumption.  
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Other studies have examined haemodynamic changes in large blood vessels 
and aortic valve using a moving wall assumption. Frauenfelder et al. (2006) 
studied blood flow changes to an abdominal aortic aneurysm based on an 
assumption of a deformable artery wall. Their study was performed by using 
two-way fluid structure interaction to characterise velocity alteration. Gao et 
al. (2009, 2008, 2011) have explored blood flow effects in the carotid artery 
based on a moving wall assumption by using fluid structure interaction. Their 
investigation used magnetic resonance images of four selected patients to 
characterise haemodynamic variations. Previous researchers (Morbiducci et 
al. 2009; De Hart 2003a, 2003b) assumed the aorta wall to be a deformable 
arterial wall, damage to which can lead to sudden heart attacks. Their studies, 
characterised blood flow in the heart valve and aortic vessels using fluid 
structure interaction simulation. Hence, the assumption of moving arterial 
wall is generally suited to the modelling of large blood vessels, such as, the 
abdominal aorta and aortic valve. 
The same cannot be said for small blood vessels, the comparison of the 
impact of rigid wall and moving wall assumptions upon the accuracy of 
human LCA models (small blood vessel) has not yet been performed. 
However, Siogkas et al. (2011) studied the impact of rigid wall versus 
deformable wall assumptions upon WSS variations. Their study showed that 
a rigid wall model provided similar WSS values to a moving wall model. 
Their results demonstrated that blood flow simulations with a rigid wall 
assumption can provide accurate WSS values regarding WSS alterations. 
Accordingly, given Siogkas’ work, and the precedent set by previous 
researchers in small blood vessel simulation, we believe that it is reasonable 
to assume that the coronary wall is rigid in the context of the human LCA.  
In this study, we emphasise that the rigid wall is reasonable as having shorter 
computational cost when the plaque composition is not being taken into 
consideration. The walls of the LCA were assumed to be rigid, and we would 
argue that this is a reasonable representation of the LCA geometry and of the 
pathology of coronary disease. 
 
 
49
 
 
 
 
 
• Blood 
Blood is a suspension of particles in plasma. The various particles are 
comprised of erythrocytes (red blood cells), leukocytes (white blood cells), 
and platelets (cell fragments for clotting). These normally occupy 
approximately 45% of the blood volume (a proportion that is lightly 
dependent on sex and species). Blood function is mainly to transport and 
distribute the oxygen and nutrients to cells, within the body, and to remove 
carbon dioxide. Various approaches for the simulation of blood, flowing in 
the human artery are briefly described as below: 
Newtonian fluid blood 
Pedley (1980) stated that blood plasma can be treated as Newtonian in arterial 
vessels. Authors that have utilised a Newtonian approach include Sun and 
Chaichana (2010, 2009), who investigated blood flow effects upon stent 
placement in abdominal aorta aneurysm based on an assumption of 
Newtonian viscosity. Sun et al. (2009) also used the assumption of 
Newtonian viscosity to characterise haemodynamic impacts in carotid artery 
bifurcation. He and Ku (1996) assumed that blood is Newtonian in the 
simulation of blood flow in LCA bifurcation. Katritsis et al. (2010, 2007a, 
2007b) used an assumption of a Newtonian model for their primary studies to 
characterise WSS variation in coronary arteries. 
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Rheological parameters utilised by previous researchers have generally been 
derived from parametric studies of clinical data. Milnor (1989) reported that 
blood in the human body had a density of 1,060 kg/m3, and a viscosity of 
0.0035 Pa s. 
Various rheological values utilised are shown in Table 1. 
 
 
 
 
 
 
Table 1. Various assumptions of blood parameters 
Several non-Newtonian blood viscosity models have been proposed, based 
upon an evaluation of the stress strain relationship (Ballyk et al. 1994, Fung 
1993; Cho and Kensey 1991; Walburn and Schneck 1976). However, none of 
these assumptions are presently accepted as a reasonable reflection of blood 
behaviour. Furthermore, Johnston et al. (2004, 2006) have investigated the 
effect of Newtonian and non-Newtonian blood viscosity models upon the 
WSS in the right coronary artery, and they concluded that a Newtonian model 
provided similar WSS values to the non-Newtonian model. In addition, 
Johnston et al. (2004) stated that the magnitude of WSS for Newtonian and 
Non-Newtonian models was significantly different, especially for low inlet 
velocities. Other studies have stated that both Newtonian and non-Newtonian 
viscosity models have produced similar results upon WSS changes (Jeong 
and Rhee 2009). 
We would argue that in this context, it is reasonable to assume that blood is a 
Newtonian fluid, in the modelling of haemodynamic changes to human LCA. 
     
Studies Viscosity (Pa s) Density ( kg/m3) 
Sun et al. (2009) 0.00270 1,060 
Shanmugavelayudam et al. (2011) 0.00350 1,050 
Lantz et al. (2011) 0.00256 1,080 
Tse et al. (2011) 0.00371 1,060 
Katritsis et al. (2010) 0.00040 1,067 
Fukumoto et al. (2008) 0.00300 1,050 
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Single phase flow 
Various authors have assumed blood flow in the LCA to be single phase. He 
and Ku (1996), Giannoglou et al. (2005, 2002), and Johnston et al. (2004, 
2006) have investigated haemodynamic changes in the right coronary artery 
with the assumption of single phase flow. Katritsis et al. (2010, 2007a, 
2007b) have observed coronary flow changes based on the assumption of 
fluid blood as a single phase flow in the artery, to show WSS distributions. 
Sun and Chaichana (2010, 2009) also made the same assumption in their 
study of blood flow in the abdominal aorta. In addition, Sun et al. (2009) 
reported haemodynamic changes in the carotid artery with the assumption of 
single phase flow, to characterise pressure and velocity changes. 
In contrast, there are few authors who have modelled blood as a multiphase 
flow. So far, these studies are restricted to simple, idealised geometries, for 
example, Sharan and Popel (2001) have simulated a tube section as an 
idealised arterial geometry. Their study attempted to divide the properties of 
blood into two parts: i) red blood cells, and ii) white blood cells and platelets. 
Their study focused upon the behaviour of blood flow in narrowed arteries, to 
characterise velocity changes. However, their study did not model 
pathological changes in blood vessels. 
Therefore, we would argue that our assumption that blood is a single phase 
flow is reasonable in the context of the study blood flow variations in the 
human LCA. 
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Laminar flow model 
Many authors have assumed Laminar flow for the modelling of the 
haemodynamics of the LCA. He and Ku (1996) stated that the flow in the 
LCA was laminar, based on the nature of blood behaviour in small arterial 
sections (eg. the coronary artery). Their studies used a laminar model to 
simulate haemodynamic changes in the LCA. Johnston et al. (2004, 2006) 
studied blood flow variations in the right coronary artery, and their 
investigations used a laminar assumption to reflect coronary flow changes. 
Katritsis et al. (2010, 2007a, 2007b) explored flow variations in the coronary 
artery, and their simulations have assumed laminar flow. Sun et al. (2009) 
assumed a laminar model for blood flow in the carotid artery bifurcation. The 
Reynolds number of <500 revealed laminar flow condition, based on inflow 
conditions at left main stem branch (He and Ku, 1996; Sun and Chaichana 
2009, 2010). Sun and Chaichana (2010, 2009) studied blood flow in an 
abdominal aorta aneurysm, and their studies used the assumption of 
transitional and turbulent flow to investigate the haemodynamic effects in a 
large artery (abdominal aorta diameter >3 cm).  
A laminar assumption is not always appropriate, however. Blood flow in 
large arteries can be transitional and turbulent. Generally speaking, previous 
researchers assumed flow to be laminar as an inflow boundary condition, 
since mean flow velocity is low, resulting in a relatively low Reynolds 
number (Tse 2011; Frauenfelder et al. 2006; Fung 1993, 1997; Hart 1997). 
Tse et al. (2011) investigated haemodynamic changes due to aorta aneurism 
in clinical data. Their results showed that laminar flow can become 
transitional and turbulent due to cross-sectional area changes induced by 
aortic aneurism. Furthermore, mean Reynolds number may refer to a factor 
that can be used to identify person to person variations which have similar 
lesions at the same arterial locations.  
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In addition, Frauenfelder et al. (2006) investigated haemodynamics variations 
to abdominal aortic aneurysms based on a group of eleven patients. Their 
study showed that only a small eddy is visible during the systolic phase, and 
these eddies are mostly apparent at the concavity area of aortic aneurysm (a 
maximum cross-sectional aorta). Hence, it is clear that a laminar blood flow 
becomes a turbulent flow model in the area of aortic aneurysm. 
Apparently the LCA can be classified as a fairly small blood vessel, and in 
this environment flow is usually laminar. We would argue that in this context 
it is reasonable to follow the precedent of previous researchers, and assume 
the blood flow to be laminar in our primary investigations of WSS variation. 
Cardiac phase flow 
Clearly, flow in the LCA is unsteady, blood flow varying with the cardiac 
cycle. Johnston et al. (2004, 2006) used steady velocity values (centre-line 
velocity) compared Newtonian and non-Newtonian models. Other authors 
that  used the cardiac cycle as an inflow condition include He and Ku (1996), 
Katritsis et al. (2010, 2007a, 2007b), and Sun et al. (2009). Sun and 
Chaichana (2010, 2009) applied the cardiac cycle at the main aorta to provide 
both the inflow and outflow conditions to observe haemodynamic change in 
abdominal aorta aneurysm. 
Hence, many researchers have used the cardiac cycle as the basis for time-
varying boundary conditions applied at inlets and outlets. Accordingly, our 
LCA simulation utilised cardiac cycle inflow and outflow conditions in this 
study. 
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1.8 Research Summary 
 
 
 
This thesis has presented the idea of using CFD in the field of biomedical 
engineering with the aim of investigating the biomechanics of the coronary artery, in 
relation to the pathogenesis of atherosclerosis. The left coronary artery is considered, 
since it represents a realistic coronary geometry, consisting of an angulation at the 
main bifurcation which is formed between left circumflex, and left anterior 
descending. Clinical statistics have also reported that the left coronary artery is the 
most common location where plaques usually occur and induce myocardial 
ischaemic changes (Topol 2008; Cho et al. 2001). In addition, CFD analysis is 
performed to investigate the haemodynamic variations in both healthy and diseased 
coronary arteries, including simulation of different types of plaques. The results 
provide an insight into the biomechanics of coronary artery disease. Therefore, this 
research has delivered information which will help to improve our understanding of 
haemodynamic behaviour during the cardiac cycles under normal and diseased 
conditions. Future research will focus upon the investigation of haemodynamic 
effects due to different type of plaques and subsequent follow-up of clinical 
outcomes in terms of development of major adverse cardiac events. Therefore, it is 
expected that prevention of adverse cardiac events can be achieved through a 
combination of computed tomography imaging and computational haemodynamic 
analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
55
 
 
 
 
1.9 List of References 
 
 
 
Anderson, H.V., Roubin, G.S., Leimgruber, P.P., Cox, W.R., Douglas, J.S., 
Jr, King, S.B., 3rd, Gruentzig, A.R., 1986. Measurement of 
transstenotic pressure gradient during percutaneous transluminal 
coronary angioplasty. Circulation 73 (6), 1223–1230. 
Asakura, T., Karino, T., 1990. Flow patterns and spatial distribution of 
atherosclerotic lesions in human coronary arteries. Circulation 
Research 66, 1045–1066. 
Australian Institute of Health and Welfare, 2011. Cardiovascular disease: 
Australian facts 2011, Cat. no. CVD 53. Canberra: AIHW. 
Australian Institute of Health and Welfare, 2010. Cardiovascular disease 
mortality Trends at different ages, Cat. no. CVD 47. Canberra: 
AIHW. 
Australian Institute of Health and Welfare, 2006. The tenth biennial health 
report of the Australian Institute of Health and Welfare, Cat. no. AUS 
73. Canberra: AIHW. 
Berne, R.M., Levy, M.N., 2001. Cardiovascular physiology. Mosby, St Louis 
(MI), 230–231. 
Bluestein, D., Alemu, Y., Avrahami, I., Gharib, M., Dumont, K., Ricotta, J.J., 
Einav, S., 2008. Influence of microcalcifications on vulnerable plaque 
mechanics using FSI modelling. Journal of Biomechanics 41 (5), 
1111–1118. 
 
 
 
 
56
 
 
 
 
Caro, C.G., Fitz-Gerald, J.M., Schroter, R.C., 1971a. Proposal of a shear 
dependent mass transfer mechanism for atherogenesis. Clinical 
Science 40 (2), 5P. 
Caro, C.G., Fitz-Gerald, J.M., Schroter, R.C., 1971b. Atheroma and arterial 
wall shear: Observation, correlation and proposal of a shear dependent 
mass transfer mechanism for atherogenesis. Proceedings of the Royal 
Society B: Biological Sciences 177 (46), 109–159. 
Chandran, K.B., Wahle, A., Vigmostad, S.C., Olszewski, M.E., Rossen, J.D., 
Sonka, M., 2006. Coronary arteries: imaging, reconstruction, and fluid 
dynamic analysis. Critical Reviews in Biomedical Engineering 34 (1), 
23–103.   
Cheng, L.C., Robertson, J.M., Clark, M.E., 1973. Numerical Calculations of 
plane oscillatory non-uniform flow – II. Parametric study of pressure 
gradient and frequency with square wall obstacles. Journal of 
Biomechanics 6 (5), 521–538. 
Chervu, A., Moore, W.S., 1990. An overview of intimal hyperplasia, Surg 
Gynecol Obstet 171 (5), 433–447. 
Cho, G.Y., Lee, C.W., Hong, M.K., Kim, J.J., Park, S.W., Park, S.J., 2001. 
Effects of stent desing on side branch occlusion after coronary stent 
placement. Catheterization and Cardiovascular Interventions 52 (1), 
18–23. 
DeBakey, M.E., Lawrie, G.M., Glaeser, D.H., 1985. Patterns of 
atherosclerosis and their surgical significance. Annals of Surgery 201 
(2), 115–131. 
 
 
 
 
57
 
 
 
 
De Hart, J., Baaijens, F.P., Peters, G.W., Schreurs, P.J., 2003a. A 
computational fluid-structure interaction analysis of a fiber-reinforced 
stentless aortic valve. Journal of Biomechanics 36 (5), 699–712. 
De Hart, J., Peters, G.W., Schreurs, P.J., Baaijens, F.P., 2003b. A three-
dimensional computational analysis of fluid–structure interaction in 
the aortic valve. Journal of Biomechanics 36 (1), 103–112. 
Enderle, J.D., Bronzino, J.D. 2011. Introduction to biomedical engineering, 
third. Academic Press, London 1–5. 
 
Fishman, E.K., 2005. Multidetector-row computed tomography to detect 
coronary artery disease: the importance of heart rate. European Heart 
Journal Supplements 7 (suppl G): G4–G12. 
Frauenfelder, T., Lotfey, M., Boehm, T., Wildermuth, S., 2006. 
Computational fluid dynamics: Hemodynamic changes in abdominal 
aortic aneurysm after stent-graft implantation. CardioVascular and 
Interventional Radiology 29 (4), 613–623. 
Fry, D.L., 1969. Certain histological and chemical responses of the vascular 
interface to acutely induced mechanical stress in the aorta of the dog. 
Circulation Research 24 (1), 93–108.  
Fry, D.L., 1968. Acute vascular endothelial changes associated with increased 
blood velocity gradients. Circulation Research 22 (2), 165–197. 
Fukumoto, Y., Hiro, T., Fujii, T., Hashimoto, G., Fujimura, T., Yamada, J., 
Okamura, T., Matsuzaki, M., 2008. Localized elevation of shear stress 
is related to coronary plaque rupture: a 3-dimensional intravascular 
ultrasound study with in-vivo color mapping of shear stress 
distribution. Journal of the American College of Cardiology 51 (6), 
645-650. 
 
 
58
 
 
 
 
Fung, Y.C., 1997. Biomechanics: circulation, 2nd ed. Springer-Verlag, New 
York. 
Fung, Y.C., 1993. Biomechanics: mechanical properties of living tissues, 
second. Springer-Verlag, New York 1–5. 
Gao, H., Long, Q., Das, S.K., Sadat, U., Graves, M., Gillard, J.H., Li, Z. 
2011. Stress analysis of carotid atheroma in transient ischemic attack 
patient: Evidence for extreme stress-induced plaque rupture. Annals 
of Biomedical Engineering 39 (8), 2203–2212. 
Gao, H., Long, Q., Graves, M., Gillard, J.H., Li, Z. 2009. Carotid arterial 
plaque stress analysis using fluid-structure interactive simulation 
based on in-vivo magnetic resonance images of four patients. Journal 
of Biomechanics 42 (10), 1416–1423. 
Gao, H., Long, Q., 2008. Effects of varied lipid core volume and fibrous cap 
thickness on stress distribution in carotid arterial plaques. Journal of 
Biomechanics 41 (14), 3053–3059. 
Garcia, D., Kadem, L., Savéry, D., Pibarot, P., Durand, L.G., 2006. 
Analytical modeling of the instantaneous maximal transvalvular 
pressure gradient in aortic stenosis. Journal of Biomechanics 39 (16), 
3036–3044. 
Giannoglou, G.D., Soulis, J.V., Farmakis, T.M., Giannakoulas, G.A., 
Parcharidis, G.E., Louridas, G.E., 2005. Wall pressure gradient in 
normal left coronary artery tree. Medical Engineering & Physics 27 
(6), 455–564. 
 
 
 
 
59
 
 
 
 
Giannoglou, G.D., Soulis, J.V., Farmakis, T.M., Farmakis, D.M., Louridas, 
G.E., 2002. Haemodynamic factors and the important role of local 
low static pressure in coronary wall thickening. International Journal 
of Cardiology 86 (1), 27–40. 
Gijsen, F.J., Wentzel, J.J., Thury, A., Lamers, B., Schuurbiers, J.C., Serruys, 
P.W., van der Steen, A.F., 2007. A new imaging technique to study 3-
D plaque and shear stress distribution in human coronary artery 
bifurcations in vivo. Journal of Biomechanics 40 (11), 2349–2357. 
Hachamovitch, R., Berman D.S., Shaw L.J., Kiat H., Cohen I., Cabico J.A., 
Friedman J., Diamond G.A., 1998. Incremental prognostic value of 
myocardial perfusion single photon emission computed tomography 
for the prediction of cardiac death: differential stratification for risk of 
cardiac death and myocardial infarction. Circulation 97 (6), 535–543. 
Hart, J.D., 1997. Nonparametic smoothing and lack-of-fit tests, 1st ed. 
Springer-Verlag, New York. 
He, X., Ku, N.D., 1996. Pulsatile flow in the human left coronary artery 
bifurcation: average conditions. Journal of Biomechanical 
Engineering 118 (1), 74–82. 
Hingorani, A.,  Ascher, E., Marks, N., 2007. Preprocedural imaging: New 
options to reduce need for contrast angiography. Seminars in vascular 
surgery 20 (1), 15–28. 
Holzapfel, G.A., Gasser, T.C., Ogden, R.W., 2000. A new constitutive 
framework for arterial wall mechanics and comparative study of 
material models. Journal of Elasticity 61 (1-3), 1–48. 
 
 
 
 
60
 
 
 
 
Jeong, W.W., Rhee, K., 2009. Effects of surface geometry and non-newtonian 
viscosity on the flow field in arterial stenoses. Journal of Mechanical 
Science and Technology 23 (9), 2424–2433. 
Johnston, B.M., Johnston, P.R., Corney, S., Kilpatrick, D., 2006. Non-
Newtonian blood flow in human right coronary arteries: Transient 
simulations. Journal of Biomechanics 39 (1), 1116–1128. 
Johnston, B.M., Johnston, P.R., Corney, S., Kilpatrick, D., 2004. Non-
Newtonian blood flow in human right coronary arteries: steady state 
simulations. Journal of Biomechanics 37 (5), 709–720. 
Jung, J., Lyczkowski, R.W., Panchal, C.B., Hassanein, A., 2006. Multiphase 
hemodynamic simulation of pulsatile flow in a coronary artery. 
Journal of Biomechanics 39 (11), 2064–2073. 
Katritsis, D.G., Theodorakakos, A., Pantos, I., Andriotis, A., Efstathopoulos, 
E.P., Siontis, G., Karcanias, N., Redwood, S., Gavaises, M., 2010. 
Vortex formation and recirculation zones in left anterior descending 
artery stenosis: computational fluid dynamics analysis. Physics in 
Medicine and Biology 55 (5), 1395–1411. 
Katritsis, D., Kaiktsis, L., Chaniotis, A., Pantos, J., Efstathopoulos, E.P., 
Marmarelis, V., 2007a. Wall shear stress: theoretical considerations 
and methods of measurement. Progress in Cardiovascular Diseases 49 
(5), 307–329. 
Katritsis, D.G., Pantos, J., Efstathopoulos, E., 2007b. Hemodynamic factors 
and atheromatic plaque rupture in the coronary arteries: from 
vulnerable plaque to vulnerable coronary segment. Coronary Artery 
Disease 18, 229–237. 
 
 
 
61
 
 
 
 
Kleinstreuer, C., Hyun, S., Buchanan, J.R., Longest, P.W., Archie, J.P., 
Truskey, J.P., 2001. Hemodynamic parameters and early intimal 
thickening in branching blood vessels. Critical Reviews in Biomedical 
Engineering 29 (1), 1–64. 
Ku, D.N., 1997. Blood flow in arteries. Annual Review of Fluid Mechanics 
29, 399–434. 
Koskinas, K.C., Chatzizisis, Y.S., Antoniadis, A.P., Giannoglou, G.D., 2012. 
Role of Endothelial Shear Stress in Stent Restenosis and Thrombosis: 
Pathophysiologic Mechanisms and Implications for Clinical 
Translation. Journal of the American College of Cardiology 59 (15), 
1337–1349. 
Lantz, J., Renner, J., Karlsson, M., 2011. Wall shear stress in a subject 
specific human aorta – Influence of fluid-structure interaction. 
International Journal of Applied Mechanics 3 (4), 759–778.  
Lee, B., 2011. Computational fluid dyanamics in cardiovascular disease. 
Korea Circulation Journal 41 (8), 423–430. 
Mahesh, M., 2002. Search for isotropic resolution in CT from conventional 
through multiple-row detector. Radiographics 22 (4), 949–962. 
Milnor, W., 1989. Hemodynamics. Williams & Wilkins, Baltimore. 
Morbiducci, U., Ponzini, R., Nobili, M., Massai, D., Montevecchi, F.M., 
Bluestein, D., Redaelli, A., 2009. Blood damage safety of prosthetic 
heart valves. Shear-induced platelet activation and local flow 
dynamics: A fluid–structure interaction approach. Journal of 
Biomechanics 42 (12), 1952–1960. 
 
 
 
62
 
 
 
 
Nichols, W., O’Rourke, M., 2005. McDonald’s blood flow in arteries. Hodder 
Arnold, London, 326–327. 
Nieman, K., Oudkerk M., Rensing B.J., van Ooijen P., Munne A., van Geuns 
R.J., de Feyter P.J., 2001. Coronary angiography with multi-slice 
computed tomography. Lancet 357 (9256), 599–603. 
Noto, T.J. Jr, Johnson L.W., Krone R., Weaver W.F., Clark D.A., Kramer 
J.R. Jr, Vetrovec G.W., 1991. Cardiac catheterization 1990: a report 
of the registry of the Society for Cardiac Angiography and 
Interventions. (SCA&I). Catheterization and Cardiovascular 
Diagnosis 24 (2), 75–83. 
Pantos, J., Efstathopoulos, E., Katritsis, D.G., 2007. Vascula wall shear stress 
in clinical practice. Current Vascular Pharmacology 5, 113–119. 
Parmet, S., 2004. Coronary Artery Disease. Journal of the American Medical 
Association 292 (20), 2540. 
Pedley, T.J., 1980. The Fluid Mechanics of Large Blood Vessels. Cambridge 
university press, Cambridge, 30–31.  
Phillips, T.L., 2002. 50 years of radiation research: Medicine. Radiation 
research 158 (4), 389–417. 
Rushmer, R.F., 1976. Cardiovascular dynamics. WB Saunders, Philadelphia. 
Rybicki, F., Melchionna, S., Mitsouras, D., Coskun, A., Whitmore, A., 
Steigner, M., Nallamshetty, L., Welt, F., Bernaschi, M., Borkin, M., 
Sircar, J., Kaxiras, E., Succi, S., Stone, P., Feldman, C., 2009. 
Prediction of coronary artery plaque progression and potential rupture 
from 320-detector row prospectively ECG-gated single heart beat CT 
angiography: Lattice Boltzmann evaluation of endothelial shear stress. 
International Journal of Cardiovascular Imaging 25, 289–299. 
 
 
63
 
 
 
 
Samady, H., Eshtehardi, P., McDaniel, M.C., Suo, J., Dhawan, S.S., 
Maynard, C., Timmins, L.H., Quyyumi, A.A., Giddens, D.P., 2011. 
Coronary artery wall shear stress is associated with progression and 
transformation of atherosclerotic plaque and arterial remodeling in 
patients with coronary artery disease. Circulation 124, 779–788. 
Shanmugavelayudam, S.K., Rubenstein, D.A., Yin, W., 2010. Effect of 
geometrical assumptions on numerical modelling of coronary blood 
flow under normal and disease conditions. Journal of Biomechanical 
Engineering 132, 061004. 
Sharan, M., Popel, A.S., 2001. A two-phase model for flow of blood in 
narrow tubes with increased effective viscosity near the wall. 
Biorheology 38, 415–428. 
Speelman, L., Akyildiz, A.C., den Adel, B., Wentzel, J.J., van der Steen, 
A.F.W., Virmani, R., vander Weerd, L., Jukema, J.W., Poelmann, 
R.E., van Brummelen, E.H., Gijsen, F.J.H., 2011. Initial stress in 
biomechanical models of atherosclerotic plaques. Journal of 
Biomechanics 44 (13), 2376–82. 
Sommer T., Hackenbroch M., Hofer U., Schmiedel A., Willinek W.A., 
Flacke S., Gieseke J., Träber F., Fimmers R., Litt H., Schild H., 2005. 
Coronary MR angiography at 3.0 T versus that at 1.5 T: initial results 
in patients suspected of having coronary artery disease. Radiology 
234 (3), 718–25. 
Soulis, J.V., Farmakis, T.M., Giannoglou, G.D., Louridas, G.E., 2006. Wall 
shear stress in normal left coronary artery tree. Journal of 
Biomechanics 39 (4), 742–749. 
 
 
 
64
 
 
 
 
Sun, Z., Cao Y., Li H., 2011. Multislice CT angiography in the diagnosis of 
coronary artery disease. Journal of Geriatric Cardiology 8 (2), 104–
113. 
Sun, Z., Chaichana, T., 2010. Fenestrated stent graft repair of abdominal 
aortic aneurysm: hemodynamic analysis of the effect of fenestrated 
stents on the renal arteries. Korean Journal of Radiology 11 (1), 95–
106. 
Sun, Z., Chaichana, T., 2009. Investigation of the hemodynamic effect of 
stent wires on renal arteries in patients with abdominal aortic 
aneurysms treated with suprarenal stentgrafts. CardioVascular and 
Intervention al Radiology 32 (4), 647–657. 
Sun, Z., Mwilpatayi B., Chaichana T., Ng C., 2009. Hemodynamic effect of 
calcified plaque on blood flow in carotid artery disease: a preliminary 
study. Proc IEEE Bioinformat Biomed Eng 1, 1–4. 
Takuro, T., Souki, L., Shuichi, H., Kouichi, T., Daisuke, K., Keisuke, K., 
Hitoshi, T., Toshihiro, T., Masaaki, M., Ryuichiro, A., Yutaka, O., 
Chuwa, T., 2007. Limitation of angiography to identify the culprit 
plaque in acute myocardial infarction with coronary total occlusion: 
Utility of coronary plaque temperature measurement to identify the 
culprit plaque. Journal of the American College of Cardiology 50 
(23), 2197–2203. 
Torii, R., Keegan, J., Dowsey, A., Wood, N., Yang, G.Z., Firmin, D., Hughes, 
A., Thom, S., Xu. X.Y., 2008. A CFD study on coronary artery 
haemodynamics with dynamic vessel motion based on MR images. 
Journal of Biomechanics 41 (Suppl 1), S212. 
 
 
 
65
 
 
 
 
Tse, K.M., Chiu, P., Lee, H.P., Ho, P., 2011. Investigation of hemodynamics 
in the development of dissecting aneurysm within patient-specific 
dissecting aneurismal aortas using computational fluid dynamics 
(CFD) simulations. Journal of Biomechanics 44 (5), 827–836. 
Thubrikar, M.J., Robicsek, F., 1995. Pressure-induced arterial wall stress and 
atherosclerosis. Annals of Thoracic Surgery 59 (6), 1594–1603. 
Topol, E.J., 2008. Textbook of interventional cardiology, fifth. Saunders 
Elsevier, Philadelphia, 1075. 
Townsend, D.W., 2008. Dual-modality imaging: Combining anatomy and 
function. Journal of nuclear medicine 49 (6), 938–955. 
Traub, O., Berk, B.C., 1998. Laminar Shear Stress: Mechanisms by Which 
Endothelial Cells Transduce an Atheroprotective Force. 
Arteriosclerosis, Thrombosis, and Vascular Biology 18 (5), 677–685. 
Tu, J., Yeoh, G.H., Liu, C., 2008. Computational fluid dynamics: A practical 
approach. Butterworth-Heinemann: Elsevier, Burlington (MA). 
Versluis, A., Bank, A.J., Douglas, W.H., 2006. Fatigue and plaque rupture in 
myocardial infarction. Journal of Biomechanics 39 (2), 339–347. 
 66
 
 
 
 
Chapter 2 
 
 
 
 
Computation of hemodynamics in the left coronary artery with 
variable angulations. Journal of Biomechanics 44 (10), 1869–1878. 
 
Thanapong Chaichana, Zhonghua Sun and James Jewkes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 67
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 68
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 69
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 70
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 71
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 72
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 73
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 74
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 75
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 76
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 77
 
 
 
 
Chapter 3 
 
 
 
 
Computational fluid dynamics analysis of the effect of plaques in 
the left coronary artery. Computational and Mathematical Methods 
in Medicine 2012, 504367:1–9. 
 
Thanapong Chaichana, Zhonghua Sun and James Jewkes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 78
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 79
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 80
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 81
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 82
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 83
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 84
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 85
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 86
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 87
 
 
 
 
Chapter 4 
 
 
 
 
Impact of plaques in theleft coronary artery on wall shear stress and 
pressure gradient in coronary side branches. Computer Methods in 
Biomechanics and Biomedical Engineering, Epub a head of print,  
1–11. doi:10.1080/10255842.2012.671308. 
 
Thanapong Chaichana, Zhonghua Sun and James Jewkes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 88
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 89
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 90
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 91
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 92
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 93
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 94
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 95
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 96
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 97
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 98
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 99
 
 
 
 
Chapter 5 
 
 
 
 
Investigation of the haemodynamic environment of bifurcation 
plaques within the left coronary artery in realistic patient models 
based on CT images. Australasian Physical & Engineering Sciences 
in Medicine 35 (2), 231-236. 
 
Thanapong Chaichana, Zhonghua Sun and James Jewkes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 100
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 101
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 102
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 103
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 104
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 105
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 106
 
 
 
 
Chapter 6 
 
 
Conclusions and Future Directions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 107
 
 
 
 
6.1 Conclusions 
 
 
 
In this thesis, the research has applied the idea of investigating the biomechanics of 
human coronary artery in relation to healthy and diseased conditions by using 
computational fluid dynamics. This research has used coronary artery models to 
reveal haemodynamic changes and predict coronary disease progression. In addition, 
diseased coronary artery models were generated and analysed, and have shown that 
further progression may lead to plaque rupture. Results from this study have shown 
significant clinical impact as we demonstrated the correlation between coronary 
angulation and development of coronary artery disease, effect of plaques on coronary 
flow. The research outcomes were summarised as follows: 
1. Computational fluid dynamic analysis of a healthy left coronary artery 
to predict the atherosclerotic initiation; 
• In this section, the investigation has been performed using a 
healthy left coronary artery with a unique configuration, 
showing an angulation between left circumflex and left anterior 
descending branches. The study was divided into two parts: i) 
simulation and analysis of idealised left coronary geometries 
with various angulations, including 120°, 105°, 90°, 75°, 60°, 
45°, 30°, 15°, ii) analysis of realistic left coronary geometries 
with various angulations, and  comparison with to the idealised 
left coronary models. The research has demonstrated that the 
left coronary artery represented the direct effects between the 
unique angle and haemodynamic changes surrounding the main 
bifurcations. The wide angle in the left coronary bifurcation 
(>80°) may lead to disturbed flow patterns, low wall shear stress 
and a wall shear stress gradient; these are the indicators of the 
possible locations of the formation of atherosclerotic plaques. 
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2. Computation fluid dynamic analysis of the diseased left coronary artery 
was conducted, to characterise the haemodynamic environment at the 
plaque location in the left main coronary bifurcation; 
• In this section, diseased left coronary artery models were 
generated based on a patient’s data, and haemodynamic changes 
were analysed to characterise the haemodynamic variations 
surrounding the bifurcation plaques. The realistic plaques were 
simulated in the left main coronary bifurcation. The research 
findings have indicated that these bifurcation plaques influenced 
the haemodynamic changes at pre- and post- stenotic. The 
influence of plaque is observed in the left coronary artery, 
through haemodynamic variations such as disturbed flow, low 
flow velocity regions, wall shear stress, and wall pressure 
gradient. Theses haemodynamic parameters are indicators of the 
potential for plaques to rupture. There is a direct correlation 
between the plaques and subsequence haemodynamic changes, 
based on the simulation of plaques in the realistic coronary 
models.  
3. Haemodynamic analysis of the plaques at the main bifurcation in left 
coronary artery disease; 
• In this section, models of the diseased left main coronary artery 
were generated and analysed to characterise the possible 
haemodynamic changes to their side branches. This research 
finding demonstrated that the bifurcation plaques in the realistic 
left coronary artery have influenced haemodynamic variations, 
such as wall shear stress and wall pressure stress gradient in 
coronary side branches. The study was based on actual three-
dimensional luminal left coronary geometry. There are changes 
to wall shear stress and wall pressure stress gradient, indicating 
the possible development of plaques in coronary trees. Our 
results improve our understanding of the development of 
atherosclerotic plaques by further exploring their impact on the 
left coronary artery and its side branches. 
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4. Computational analysis of patient-specific models with left coronary 
artery disease to characterise the haemodynamic factors surrounding the 
plaque regions. 
• In this final section, patient-specific models with the left 
coronary artery disease were produced and analysed to 
characterise haemodynamic parameters near to the stenotic 
regions. The bifurcation plaques were located between left 
anterior descending and left circumflex. The research findings 
showed that the bifurcation plaques have a direct effect upon 
haemodynamic complications such as disturbed flow, low flow 
velocity regions, and high wall shear stress. These parameters 
changes indicated the potential risk for plaques to rupture. 
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6.2 Future Directions 
 
 
 
This study improves our understanding of the biomechanics of the human coronary 
artery under normal and diseased conditions. Moreover, these findings will assist in 
diagnosis and prevention of coronary artery disease. However, there are a few 
suggestions for the further research, which are detailed as follows: 
• Studies focusing upon patients with different lengths of left 
main stem branches of the left coronary bifurcation should be 
performed to investigate the relationship between coronary 
length and haemodynamic changes. 
• Research focusing on the different types of realistic bifurcation 
plaque in the left coronary artery should be performed to 
investigate haemodynamic changes. 
• Studies based on a large population of patient-specific left 
coronary disease should be performed to verify our results. 
• Further studies focusing on the various positions of realistic 
plaques at the bifurcation with patient-specific left coronary 
disease, particularly their local impact on haemodynamic 
changes, should be conducted to stratify patient risk and predict 
disease outcome. 
• Simulation of different plaque components, especially non-
calcified plaque with aim of identifying vulnerable plaques. 
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Appendix I-A: Hemodynamic analysis of the 
effect of different types of plaque in the left 
coronary artery. 
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Abstract 
In this study we investigate the hemodynamic effects of various types of plaque in 
the left coronary bifurcation. Eight types (A-H) of plaque were simulated and located 
in various positions in the left main stem, the left anterior descending and left 
circumflex to produce a >50% narrowing of the coronary lumen. We analyse and 
characterise hemodynamic effects caused by each type of plaque. Computational 
fluid dynamics was performed to simulate realistic physiological conditions that 
reveal the in vivo cardiac hemodynamics. Velocity, wall shear stress (WSS) and 
pressure gradient (PSG) in the left coronary artery were calculated and compared in 
all plaque configurations during cardiac cycles. Our results showed that the highest 
velocity and PSG were found at the location where all of the three left coronary 
branches were affected by a type D plaque configuration. Plaques located in the left 
circumflex (Type G) resulted in a highly significant velocity, WSS and PSG (P < 
0.001) change when compared to the other types of plaque configuration. Our 
analysis provides an insight into the distribution of plaque at the left bifurcation, and 
corresponding hemodynamic effects, thus, improving our understanding of 
atherosclerosis. 
 
Keywords: computational fluid dynamics, plaque, pressure gradient, hemodynamic, 
coronary bifurcation 
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1. Introduction 
The angulation of the left coronary bifurcation has an affect upon blood flow that 
might lead to the development of atherosclerotic plaque. A recent study has shown 
that wide angulations can significantly increase disturbances to the flow field that are 
associated with the progression of coronary plaque [7]. Plaques most commonly 
originate in the left coronary bifurcation [30]. Various types of bifurcation plaque 
lesions have been classified by Topol [37], with special attention paid to the 
important distinction between a true bifurcation (consisting of the main branch and 
the side branch) and a pseudo bifurcation (which includes all of the other lesions 
involving a bifurcation). These distinctions are a key element in the proper planning 
of treatment.  Cases with a lumen narrowing of >50% were considered 
hemodynamically significant [37], since this level of narrowing results in significant 
hemodynamic changes to the flow within the coronary artery [12]. 
Previous studies used computational fluid dynamics (CFD) to investigate the 
hemodynamic changes due to the severity of stenosis [22], [29]. The results of these 
studies confirmed that a stenosis of <50% coronary diameter due to plaque formation 
has a minimal effect on the flow-field inside the coronary artery.  A recent study on 
the effect of plaque distributed in the left coronary bifurcation showed that there is a 
direct effect on the flow parameters at stenotic locations [8], [9], [10]. It is important 
for us to understand the hemodynamic patterns with the differing types of bifurcation 
plaque, since the different plaque positions may lead to various hemodynamic 
effects, although this has not been systematically studied. To the best of our 
knowledge, there are no publications related to the investigation of hemodynamic 
variations based on the plaque configuration classification. Thus, this work aims to 
study the hemodynamic changes due to the different types of bifurcation plaque 
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(Figure 1), based on realistic coronary models. It is expected that the research 
findings will provide potential value for improving our understanding of the flow 
field induced by these various bifurcation plaques, and contribute to our 
understanding of the pathogenesis of coronary artery disease. 
2. Material and Methods 
2.1. Patient information and left coronary artery geometry 
A 47-year-old male with suspected coronary artery disease (CAD) was selected in 
this study to provide the realistic left coronary bifurcation geometry, including its 
side branches. The patient’s CT volume data was used to create left coronary artery 
(LCA) geometry. Image segmentation and post-processing techniques were 
performed using Analyze 7.0 (Analyze Direct, Inc., Lexana, KS, USA). Scan-related 
artefacts and unwanted soft tissues were manually removed in 2D axial slices [35], 
[36]. Figure 2 demonstrates the realistic LCA model and the rectangle box refers to 
the effective plaque locations (EPLs). EPL represents the flow changes in the LCA 
surrounding the plaque-locations. LCA geometry was created for the various EPLs in 
the left main bifurcation, consisting of the left main stem (LMS), left anterior 
descending (LAD), left circumflex (LCx), and its side branches. Dimensions of the 
LCA geometry were measured and shown in Table 1. The geometry of the arteries 
around the LMS, LAD and LCx was obtained from the sample patient with suspected 
CAD (plaque type F as shown in Figure 1), although normal anatomical structures 
were shown on the CT images at the LMS and LAD branches. LCA surface 
geometry, comprising of plaque and normal coronary arteries, were changed into 
solid models and saved in ‘STL format’ for the computational meshing procedure. 
2.2. Various plaque positions in the left coronary bifurcation 
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Calcified plaque was generated at different anatomical locations in the left 
bifurcation, as shown in Figure 1. This has been based on the bifurcation lesions 
reported in previous studies [37], [11]. There were 8 plaque configurations simulated 
altogether, with a type F plaque being the first model, based directly upon the 
selected patient’s anatomical structures. The other 7 types were subsequently adapted 
from this configuration. Figure 3 shows the eight different configurations of realistic 
plaque, generated to study the flow effects. The geometry of the type F plaques at the 
LCx branches shows that the dimensions of each section were 1.14 mm in height, a 
mean width of 3.76 mm and a thickness of 1.46 mm and 1.53 mm (from left to right 
in Figure 3). In addition, the geometry of other types of plaque at the LAD branches 
comprised of two sections, 1.17 mm in height, a mean width of 3.59 mm and a 
thickness of 1.38 mm and 1.56 mm (from left to right in Figure 3). Although plaques 
contain different components depending on the concentration of calcium [31], only 
hard plaque (calcified plaque) was simulated in this study since this type of plaque is 
commonly seen in patients with coronary artery disease, and calcified plaque 
indicates the atherosclerotic changes to the coronary wall, leading to significant 
stenosis. The simulation of hard plaque is suitable for demonstrating the 
hemodynamic changes at the ELP in this case. Finally, the diseased condition was 
simulated with the generation of eight models with variable types of bifurcation 
plaque, and one baseline model without the presence of plaque is also simulated. 
There were nine LCA geometries in total. 
2.3. Computational flow and solution 
The STL models were divided into LCA geometry and plaque sections, and plaque 
models were merged with the LCA models in the various location combinations. 
These combined STLs were then used to create a volume mesh using the ANSYS 
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ICEM CFD hexahedral meshing tool (details having been described in previous 
studies [7], [32], [33]. Mesh resolution for the various models ranged from 9×105 to 
9.8×105 cells. The baseline LCA geometry model (without plaques) was created 
using the same process, yielding 9.5×105 cells. A mesh independence case was 
produced and solved for this baseline model at approximately twice the resolution; 
this demonstrated agreement with the lower resolution mesh applied in this study. 
Unsteady simulations were performed (similar to Chaichana et al. [7], [9]), pulsatile 
velocity (Figure 4a) was applied as an inflow boundary condition at the left main 
stem [4], [22]. The outflow boundary condition was applied with the flow ratio 
through the six side-branches (Figure 2) at the LAD (SB1, 2 and 3) and LCx (SB4, 5 
and 6) according to side-branches diameters (Table 1) [15], [38]. The outflow 
relationship is also known as Murray's law and the summation of outflow conditions 
through the side-branches is equal to the flow at the inlet [26]. Rheological 
parameters were applied with a blood density of 1060 kg/m3, blood viscosity of 
0.0035 Pa s [6], [24]. Plaques and blood-vessels were assumed to be rigid [33]. 
Blood flow was assumed to be laminar. A no-slip condition was applied at the walls 
[25]. The blood was assumed to be Newtonian and incompressible [5], [21]. The 
Navier-Stokes equations were solved using the ANSYS CFX CFD package (version 
12 - ANSYS, Inc.), on a Microsoft Windows 7 32-bit machine, 6 GB of RAM with a 
Xeon W3505 2.53 GHz CPU. The CFD simulation was run for 64 time-steps, 
representing 0.8s of phasic coronary blood flow rate (0.0125s per time-step). The 
CFD simulation was converged to a residual target of less than 1×10-4 per time-step 
in each LCA model. ANSYS CFD-Post version 12 (ANSYS, Inc.) was used to 
calculate and visualise flow velocity, pressure gradient (PSG) and wall shear stress 
(WSS). 
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The PSG is calculated from the local static pressure, to characterise the high 
amplitude pressure changes at the EPL. The static pressure at stenotic locations is 
similar to the pressure at the coronary inlet and is poorly suited to the classification 
of the pressure effects [14]. The PSG is defined as: 
         ⎟⎠
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where p  is local static pressure in the area of interest, x , y , and z  are points in 
the Cartesian coordinates. PSG has been shown to be a significant indicator of 
coronary disease [13], [14]. 
The WSS is a commonly used parameter in hemodynamic analysis; endothelial cells 
have been shown to align themselves with the flow direction that corresponds to the 
local WSS. The coordinates of the wall surface elucidate the interaction of 
instantaneous WSS vectors and endothelial cells [23]. 
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tv  1 WSS
0∫ ∂
∂= μ                                                     (2)                        
where μ  is blood viscosity, vt is velocity vector near wall perpendicular to surface 
and n is distance to the wall surface, T  is pulsatile period, dt is the time derivative of 
the local shear stress. 
2.4. Statistical analysis of hemodynamic parameters  
Hemodynamic parameters were exported in “CSV format” from ANSYS CFD-Post 
version 12 (ANSYS, Inc.). The WSS, PSG and velocity were entered into SPSS 17.0 
(SPSS, Inc., Chicago, IL, USA) for statistical analysis. A p-value of <0.05 was 
considered to indicate statistically significant differences. A one way Analysis of 
Variance (ANOVA) between groups with post-hoc comparisons was used for 
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analysis of hemodynamic factors to determine the differences among the eight types 
of bifurcation plaque.     
3. Results 
3.1. Statistical comparison of major hemodynamic parameters 
There were significant differences in the majority of hemodynamic factors (WSS, 
PSG and velocity) between comparisons of the eight types of bifurcation plaque as 
tested with one way ANOVA (P < 0.05: significant; P < 0.001: highly significant), 
shown in Table 2. However, there was no significant difference in WSS and PSG 
parameters between type A and type B and type C (P > 0.05). Similarly, no 
significant differences were found in WSS and PSG between type F, and types A, B 
and C (P > 0.05). For the comparisons between the remaining types, most of them 
demonstrated significant differences. 
3.2. Comparison of cross-sectional velocity 
The fifteen cross-sections were defined, as shown in Figure 4b, with the type D 
plaque shown as an example. These cross-sections were applied to the other seven 
types of plaque configuration, and to the baseline. The cross-sections were divided 
into three groups, each group having five sectional-planes: sections A-E at the LMS, 
sections F-J at the LAD and sections K-O at the LCx respectively. Table 3 shows the 
comparisons of cross-sectional averaged velocity at the EPL for the eight types of 
bifurcation plaque. In the systolic phase, type A has the two sections of plaque-
intersection (PIN) () at sections C and E, and one section of the exclusive plaque-
intersection (EPIN) () at section D. In addition, a high average velocity in section 
D was reached, from 11.04 mm s-1 to 11.77 mm s-1 as shown in types A, C, D and F, 
and there is a minimal velocity change when compared to the normal velocity, which 
reached at 8.90 mm s-1. Section G in the types B, D, E, F and H was the EPIN with 
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velocity ranged from 11.43 mm s-1 to 13.61 mm s-1, showing extremely high average 
velocity when compared to the normal velocity, reached at 4.13 mm s-1. Furthermore, 
section L in the types B, C, D and G was also the EPIN with velocity ranged from 
17.84 mm s-1 to 19.82 mm s-1, demonstrating extremely high average velocity when 
compared to the normal velocity reached at 5.18 mm s-1. The type H configuration 
was found to have very similar average cross-sectional velocity values in both 
systolic and diastolic phases, to those observed during the normal flow condition. 
Similar results were noticed in the diastolic phase for the comparisons of average 
cross-sectional velocity, except for type G, showing apparently high average velocity 
in all sections when compared to other types of plaque. 
3.3. Velocity inside the left coronary artery 
To characterise the hemodynamic variations of different types of bifurcation plaque 
at the left coronary artery, velocity patterns were calculated and compared in all eight 
types of bifurcation plaque and the baseline, as shown in Figure 5 and 6. The plots 
were chosen to reveal the flow effects at the EPL. The velocity patterns were 
calculated and visualised at a systolic phase of 0.2 s (Figure 5) and the diastolic 
phase of 0.7 (Figure 6). The velocity values ranged from 0 mm s-1 to 30.50 mm s-1, 
corresponding to fifteen contour levels, approximately 2.2 mm s-1 per level. Figure 5 
shows high velocity in the red and yellow contour levels, which ranged from 28.23 
mm s-1 to 30.50 mm s-1 at the stenotic locations (specifically in types A, C and G, as 
these types had the plaque at the LMS and LCx branches). In addition, the 
bifurcation plaque involving the LMS and LAD branches (especially for types E, F 
and H) show high velocity regions at LMS branch and the LAD branch (stenotic 
positions), ranging from 21.79 mm s-1 to 23.98 mm s-1. Type B had the bifurcation 
plaque located in the LAD and LCx branches, and high velocity was observed at the 
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LCx, and the LAD around the stenotic regions. Type D has the bifurcation plaque 
positioned in LMS, LAD and LCx branches, it generated similar flow effects to the 
other types, with the high velocity regions near plaque locations at the LMS and LCx 
branches, and the LAD branch. Figure 6 shows the flow in the systolic phase, 
however there are more regions of high velocity in the stenotic locations at LMS, 
LAD and LCx branches. Thus, the recirculation regions were found downstream of 
plaque locations in all types of bifurcation plaque and in both systolic and diastolic 
phases. 
3.4. Pressure gradient in the left coronary artery 
PSG was calculated at the systolic phase of 0.2 s and diastolic phase of 0.7 s, and 
displayed within coronary at ELP in order to compare the PSG changes for all eight 
cases. PSG values ranged from -15 kg/m2 s2 to 500 kg/m2 s2, corresponding to 15 
contour levels. Figure 7 reveals PSG variations with the types of bifurcation plaque 
and normal condition during the diastolic phase (0.7 s). The high PSG was found in 
all types of bifurcation plaque at the stenotic locations, with values ranging from 
463.21 kg/m2 s2 to 500.00 kg/m2 s2. Large distribution of high PSG was found in the 
type D configuration. The high PSG was also found at post-plaque locations, and this 
was particularly apparent in types A, C, D and F. The type G was found to be 
different from the other types in terms of PSG changes due to only the involvement 
of the LCx, and this is consistent with statistical comparisons as shown in Table 3 
(type G had significant differences when compared to the other types). Figure 8 
reveals the comparison of PSG in all types of bifurcation plaque configurations with 
the baseline, during the systolic phase (0.2 s). The high PSG at stenotic locations 
ranged 352.86 kg/m2 s2 to 389.64 kg/m2 s2. Thus, PSG variations were distributed in 
the same pattern as that observed in the diastolic phase (Figure 7). 
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 4. Discussion 
This study reveals that the various types of bifurcation plaque influence the 
subsequent hemodynamic parameters in the left coronary bifurcation, resulting in 
flow changes. This finding provides additional information about the hemodynamic 
effect of coronary plaque, hence, it improves our understanding of the atherosclerotic 
changes due to the presence of plaque at different coronary locations.  
The classification system was considered to be a practical way of dealing with the 
various bifurcation lesions, allowing us to make distinctions between the various 
bifurcation geometries [37]. In this study, we investigated the hemodynamic effects 
of these plaques, and determined whether there exists a statistically significant 
difference in variable parameters. Our results showed that types A, G and H (plaque 
located in each LMS, LCx and LAD branches) cause less severe hemodynamic 
variations around the bifurcation than the other types (B, C, D, E and F). In addition, 
type D causes more significant flow variations at the coronary bifurcation than the 
other seven types of bifurcation plaque. These findings provide an insight into the 
effect of plaque position upon resulting hemodynamics in the left coronary artery. 
Coronary plaque generally originates in the bifurcation region due to the angulations. 
The angulations cause a region of low WSS, as confirmed by our study and previous 
reports [2], [7], [12], [18], [19], [30], [37]. Medical imaging modality such as 
intravascular ultrasound and mutislice CT coronary angiography has been commonly 
used to detect plaque locations in the left main coronary artery [16], [17], [28], [31]. 
These imaging techniques provide valuable diagnostic information, such as 
assessment of plaque components and corresponding coronary lumen changes, 
however, they offer no tangible insight into the resultant hemodynamics. 
Computational fluid dynamics provides an opportunity to predict the hemodynamic 
 125
behaviour [7], [20], [23]. Thus, the characterisation of hemodynamic variations due 
to the various types of bifurcation plaque in the configurations can be further 
explored with flow visualisations; this exceeds the classical anatomical analysis of 
coronary stenosis or occlusion. 
This study visualised the wall shear stress, velocity and pressure gradient inside the 
left coronary bifurcations, and compared the hemodynamic parameters between each 
groups for the types of bifurcation plaque statistically. We found that plaque type G 
was very different compared to the other types of plaque. Types D and H were found 
to produce different velocity, WSS and PSG distributions compared to the other 
types. Types A, B, C and F were very similar in velocity, WSS and PSG, compared 
to the plaque types D, E, F and H. Type E was found to have PSG similar to the other 
types. Our results indicate that different types of plaque demonstrate various 
hemodynamic effects, although most of the types are statistically significantly 
different from the other types, as shown in tables 2 and 3. Some types of plaque 
caused unique effects, for example, type D causing huge velocity variations. Type A 
showed limited velocity variations compared to the baseline. Thus, it is clinically 
important to understand the different types of plaque and their corresponding 
hemodynamic effects. 
In the clinical situation, the PSG magnitude has been used to assess the severity of 
plaques [1], [27]. The highest PSG region may indicate the location of a potential 
coronary plaque rupture. The type D configuration has shown the largest distribution 
of high PSG at the bifurcation and thus, this type is potentially more dangerous than 
the other types during diastolic phases (Figure 7). PSG inside the coronary artery was 
used to characterise the impacts of plaque in the left main coronary bifurcation. The 
hemodynamic factors were shown as velocity patterns and PSG, for the analysis of 
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changes inside the coronary artery at the main bifurcation. WSS was analysed in this 
study, however it was not shown visually and was only used for the statistical 
analysis, as shown in Table 2.   
There are some limitations to this study that should be addressed. Firstly, the blood 
model was assumed to have a Newtonian viscosity. Our study focused on the 
hemodynamic visualisation of the coronary artery and this assumption has been 
shown to be reasonable by previous studies [3], [21]. Secondly, realistic LCA 
geometries were assumed to have a rigid wall rather than an elastic wall; hence, the 
simulation does not completely reflect the realistic physiological behaviour, as the 
coronary wall is moving during cardiac cycles. Thirdly, a single patient has been 
selected for the generation of various types of bifurcation plaque and coronary 
models. Despite this limitation, the simulated models represent realistic coronary 
geometry, and accordingly, our results are still valid for clinical applications. Future 
studies will analyse realistic plaque at the bifurcation based on different patients’ 
data. 
5. Conclusion 
This study investigates the different types of bifurcation plaque in the realistic left 
coronary artery and visualises the velocity patterns and PSG variations within left 
main coronary bifurcation. Statistical analysis has been performed to compare the 
hemodynamic factors for characterisation of various plaque types at bifurcation 
regions.  Plaque type G demonstrates significant differences in hemodynamic 
parameters when compared to the other types. Velocity and PSG are increased when 
the left coronary bifurcation contains more plaque, and this is especially apparent 
with type D. The research findings of this study indicate that extra plaque located in 
left coronary bifurcation may increase the risk of plaque rupture. 
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Figure 1. Diagram showing characterization of the eight types of bifurcation plaque in 
the left coronary artery. 
Figure 2.  Realistic coronary model showing left coronary artery and its side-
branches. The rectangle shows the effective plaque locations where eight 
types of bifurcation plaque influence hemodynamic variations. 
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Figure 3. The realistic bifurcation plaque was simulated at different anatomical locations 
according to the diagram in Figure 1. 
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Figure 4a. Pulsatile flow cycle into the left coronary artery. 
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Figure 4b. The fifteen cross-sections were defined to calculate the average velocity 
inside coronary bifurcation at effective plaque locations. 
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Figure 5. The velocity patterns inside left bifurcation at effective plaque locations with 
eight types of bifurcation plaque and normal condition during the systolic 
phase (0.2 s). 
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Figure 6. The velocity patterns inside left bifurcation at effective plaque locations with 
eight types of bifurcation plaque and normal condition during the diastolic 
phase (0.7 s). 
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Figure 7. The pressure gradient patterns inside left bifurcation at effective plaque 
locations with eight types of bifurcation plaque and normal condition during 
the diastolic phase (0.7 s). 
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Figure 8. The pressure gradient patterns inside left bifurcation at effective plaque 
locations with eight types of bifurcation plaque and normal condition during 
the systolic phase (0.2 s). 
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Table 1. LCA geometry of mean diameters and lengths of major and side branches 
 
Left coronary artery Diameters (mm) Lengths (mm) 
LMS Main branch Inlet 4.599 29.441 
LAD Main branch  3.763 45.982 
LCx Main branch  3.585 62.303 
Side branch 1 Outlet 1 0.548 124.301 
Side branch 2 Outlet 2 0.348 64.046 
LAD 
Side branch 3 Outlet 3 0.609 38.452 
Side branch 4 Outlet 4 0.666 104.231 
Side branch 5 Outlet 5 0.358 151.662 
LCx 
Side branch 6 Outlet 6 0.714 81.386 
    
      LMS—left main stem, LAD—left anterior descending, LCx—left circumflex. 
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  Table 2. Patient characteristics: multiple comparisons of major hemodynamic parameters at bifurcation plaques 
Hemodynamic parameters (n=65530) 
WSS PSG Velocity Plaques-location vs. different types 
mean±SD P mean±SD P mean±SD P 
A B 0.064±0.069 1.000 248.077±296.079 0.083 0.0017±0.0016 0.069 
 C 0.064±0.068 0.993 246.931±293.696 0.389 0.0016±0.0016 0.997 
 D 0.068±0.071 <0.001* 256.960±308.596 <0.001* 0.0015±0.0015 <0.001* 
 E 0.066±0.070 <0.05* 249.875±302.564 <0.05* 0.0015±0.0015 <0.001* 
 F 0.065±0.069 1.000 246.277±293.437 0.685 0.0016±0.0016 1.000 
 G 0.061±0.062 <0.001* 236.070±265.025 <0.001* 0.0016±0.0016 <0.001* 
 H 0.068±0.066 <0.001* 255.301±280.550 <0.001* 0.0015±0.0015 <0.001* 
B A 0.064±0.069 1.000 243.480±292.989 0.830 0.0016±0.0016 0.069 
 C 0.064±0.068 0.985 246.931±293.696 0.997 0.0016±0.0016 <0.05* 
 D 0.068±0.071 <0.001* 256.960±308.596 <0.001* 0.0015±0.0015 <0.001* 
 E 0.066±0.070 <0.05* 249.875±302.564 0.954 0.0015±0.0015 <0.001* 
 F 0.065±0.069 1.000 246.277±293.437 0.946 0.0016±0.0016 <0.05* 
 G 0.061±0.062 <0.001* 236.070±265.025 <0.001* 0.0016±0.0016 <0.001* 
 H 0.068±0.066 <0.001* 255.301±280.550 <0.001* 0.0015±0.0015 <0.001* 
C A 0.064±0.069 0.993 243.480±292.989 0.389 0.0016±0.0016 0.997 
 B 0.064±0.069 0.985 248.077±296.079 0.997 0.0017±0.0016 <0.05* 
 D 0.068±0.071 <0.001* 256.960±308.596 <0.001* 0.0015±0.0015 <0.001* 
 E 0.066±0.070 <0.001* 249.875±302.564 0.602 0.0015±0.0015 <0.001* 
 F 0.065±0.069 0.937 246.277±293.437 1.000 0.0016±0.0016 0.999 
 G 0.061±0.062 <0.001* 236.070±265.025 <0.001* 0.0016±0.0016 <0.001* 
 H 0.068±0.066 <0.001* 255.301±280.550 <0.001* 0.0015±0.0015 <0.001* 
D A 0.064±0.069 <0.001* 243.480±292.989 <0.001* 0.0016±0.0016 <0.001* 
 B 0.064±0.069 <0.001* 248.077±296.079 <0.001* 0.0017±0.0016 <0.001* 
 C 0.064±0.068 <0.001* 246.931±293.696 <0.001* 0.0016±0.0016 <0.001* 
 E 0.066±0.070 <0.001* 249.875±302.564 <0.001* 0.0015±0.0015 <0.001* 
 F 0.065±0.069 <0.001* 246.277±293.437 <0.001* 0.0016±0.0016 <0.001* 
 G 0.061±0.062 <0.001* 236.070±265.025 <0.001* 0.0016±0.0016 <0.001* 
 H 0.068±0.066 0.687 255.301±280.550 0.970 0.0015±0.0015 0.924 
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E A 0.064±0.069 <0.05* 243.480±292.989 <0.05* 0.0016±0.0016 <0.001* 
 B 0.064±0.069 <0.05* 248.077±296.079 0.954 0.0017±0.0016 <0.001* 
 C 0.064±0.068 <0.001* 246.931±293.696 0.602 0.0016±0.0016 <0.001* 
 D 0.068±0.071 <0.001* 256.960±308.596 <0.001* 0.0015±0.0015 <0.001* 
 F 0.065±0.069 <0.05* 246.277±293.437 0.315 0.0016±0.0016 <0.001* 
 G 0.061±0.062 <0.001* 236.070±265.025 <0.001* 0.0016±0.0016 <0.001* 
 H 0.068±0.066 <0.001* 255.301±280.550 <0.05* 0.0015±0.0015 <0.001* 
F A 0.064±0.069 1.000 243.480±292.989 0.685 0.0016±0.0016 1.000 
 B 0.064±0.069 1.000 248.077±296.079 0.946 0.0017±0.0016 <0.05* 
 C 0.064±0.068 0.937 246.931±293.696 1.000 0.0016±0.0016 0.999 
 D 0.068±0.071 <0.001* 256.960±308.596 <0.001* 0.0015±0.0015 <0.001* 
 E 0.066±0.070 <0.05* 249.875±302.564 0.315 0.0015±0.0015 <0.001* 
 G 0.061±0.062 <0.001* 236.070±265.025 <0.001* 0.0016±0.0016 <0.001* 
 H 0.068±0.066 <0.001* 255.301±280.550 <0.001* 0.0015±0.0015 <0.001* 
G A 0.064±0.069 <0.001* 243.480±292.989 <0.001* 0.0016±0.0016 <0.001* 
 B 0.064±0.069 <0.001* 248.077±296.079 <0.001* 0.0017±0.0016 <0.001* 
 C 0.064±0.068 <0.001* 246.931±293.696 <0.001* 0.0016±0.0016 <0.001* 
 D 0.068±0.071 <0.001* 256.960±308.596 <0.001* 0.0015±0.0015 <0.001* 
 E 0.066±0.070 <0.001* 249.875±302.564 <0.001* 0.0015±0.0015 <0.001* 
 F 0.065±0.069 <0.001* 246.277±293.437 <0.001* 0.0016±0.0016 <0.001* 
 H 0.068±0.066 <0.001* 255.301±280.550 <0.001* 0.0015±0.0015 <0.001* 
H A 0.064±0.069 <0.001* 243.480±292.989 <0.001* 0.0016±0.0016 <0.001* 
 B 0.064±0.069 <0.001* 248.077±296.079 <0.001* 0.0017±0.0016 <0.001* 
 C 0.064±0.068 <0.001* 246.931±293.696 <0.001* 0.0016±0.0016 <0.001* 
 D 0.068±0.071 0.687 256.960±308.596 0.970 0.0015±0.0015 0.924 
 E 0.066±0.070 <0.001* 249.875±302.564 <0.05* 0.0015±0.0015 <0.001* 
 F 0.065±0.069 <0.001* 246.277±293.437 <0.001* 0.0016±0.0016 <0.001* 
 G 0.061±0.062 <0.001* 236.070±265.025 <0.001* 0.0016±0.0016 <0.001* 
  WSS: Wall shear stress; PSG: Wall pressure gradient; *Significant comparison between stenotic types  
  Values given are mean±Standard deviation (SD) in following specific stenotic types 
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          Table 3. Patient characteristics: multiple comparison of cross-sectional average velocity at effective plaques-locations 
  
Left coronary artery Velocity at coronary bifurcation with and without presence of plaques (mm s^-1) 
Physical location Section Normal Type A Type B Type C Type D Type E Type F Type G Type H 
Systolic phase          
A 4.9426 4.7346 4.8702 4.9212 4.6690 4.7525 4.8360 4.9127 4.7060 
B 5.6617 5.3826 5.5377 5.6366 5.2824 9   7.7160 5.5047 5.6221 5.3358 
C 6.9447 9   6.8796 6.7661 9   7.2482 9   6.7422 99   6.9554 9   6.9750 7.0570 6.4041 
D 8.8754 99 11.0769 8.8526 99 11.7742 99 11.0441 9   9.0277 99 11.0614 8.9947 8.6107 
LMS 
E 6.0109 9   9.5840 5.9581 9 10.5206 9 10.1077 6.6716    9   9.9472 5.9611 5.8277 
F 3.9139 9.2165 9   5.3040 9.5973 9   9.7593 9   4.6824 9   9.7220 3.9451 9   4.4809 
G 4.1282 4.1619 99 13.6144 4.5091 99 12.2903 99 11.9853 99 12.2602 4.1659 99 11.4268 
H 3.8786 3.7550 9   5.4653 4.0542 9   5.2002 9   5.0032 9   5.0925 3.9222 9   4.9604 
I 3.4298 3.3351 4.9486 3.5882 4.8004 4.6047 4.6186 3.4798 4.5760 
LAD 
J 3.3243 3.2372 3.5046 3.4788 3.2357 3.0866 3.1712 3.3837 3.0490 
K 5.2697 8.8070 9   7.3798 9 13.0383 9 13.0162 5.1861 8.8961 9   7.7061 5.2290 
L 5.1833 5.3797 99 18.8913 99 17.8449 99 18.0089 5.0565 5.5283 99 19.8175 5.1030 
M 5.4288 5.0420 9   6.9221 9   6.6866 9   6.7750 5.2883 5.1997 9   6.9535 5.3272 
N 5.3973 5.0474 6.4363 6.1765 6.3209 5.2554 5.2104 6.3951 5.2911 
LCx 
O 5.5750 5.2203 5.3584 5.0966 5.1139 5.4229 5.3955 5.5061 5.4627 
           
Diastolic phase          
A 10.7605 10.3331 10.7989 10.6249 10.4063 10.7016 10.4051 10.8429 10.5388 
B 12.1925 11.6741 12.2083 12.0520 11.7343 9 17.4703 11.7475 12.2851 11.8829 
C 13.9887 9  13.9348 14.0128 9 14.5393 9 14.0752 99 14.6522 9 13.9291 14.3221 13.4486 
D 19.0663 99  23.8734 19.1068 99 24.7323 99 23.9235 9 18.7828 99 23.7263 19.3828 18.6836 
LMS 
E 12.9215 9  20.5599 12.9164 9 22.3226 9 22.0382 13.0396 9 20.9767 12.8872 12.7421 
F 8.8536 8.6990 9 11.9847 9.3925 9 11.3902 9 11.2567 9 10.9066 9.1209 9 10.8257 
G 9.3425 8.9656 99 31.4238 9.6121 99 29.1860 99 29.2536 99 28.1142 9.6264 99 28.1677 
H 8.6898 8.3352 9 12.0197 8.9617 9 11.4963 9 11.2067 9 11.0763 8.9665 9 10.9212 
I 7.6163 7.2964 8.5477 7.8501 8.0531 7.9518 7.6545 7.8757 7.7069 
LAD 
J 7.4167 7.0881 7.6645 7.6504 7.2072 7.1358 6.8747 7.6955 6.9523 
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K 10.2367 10.6988 9 15.7602 9 24.4590 9 24.7782 10.3724 10.9462 9 15.9948 10.3025 
L 10.3935 9.8127 99 39.9110 99 37.2152 99 37.7786 10.5364 10.0465 99 40.5723 10.4525 
M 10.9170 10.3205 9 13.5612 9 12.9803 9 13.2232 11.0733 10.5727 9 13.6086 10.9742 
N 10.8520 10.2724 10.5810 9.9864 10.1203 10.9972 10.5300 10.6979 10.8916 
LCx 
O 11.1789 10.5892 10.8860 10.3145 10.4139 11.3375 10.8601 11.0044 11.2293 
         LMS—left main stem, LAD—left anterior descending, LCx—left circumflex. 
         9 — Plaques-intersection (PIN), 99 — Exclusive plaques-intersection (EPIN) 
 
 144
 
 
 
 
Appendix II 
 
 
Additional publications by the 
candidate relevant to the thesis but not 
forming part of it 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 145
 
 
 
 
 
 
Appendix I-B: Hemodynamic impacts of 
various types of stenosis in the left coronary 
bifurcation: A patient-specific analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 146
Hemodynamic impacts of various types of stenosis in the left coronary bifurcation: A 
patient-specific analysis 
 
Thanapong Chaichana1, Zhonghua Sun1, James Jewkes2 
 
1. Discipline of Medical Imaging, Department of Imaging and Applied Physics, 
Curtin University, Perth, Western Australia, Australia, 6845 
2. Fluid Dynamics Research Group, Department of Mechanical Engineering, Curtin 
University, Perth, Western Australia, Australia, 6845 
 
Corresponding author:  
Dr Zhonghua Sun, Ph.D. 
Associate Professor 
Discipline of Medical Imaging, Department of Imaging and Applied Physics, Curtin 
University, GPO Box, U1987, Perth, Western Australia 6845, Australia 
Tel: +61-8-9266 7509 
Fax: +61-8-9266 2377 
Email: z.sun@curtin.edu.au 
 
 
Word count: 2,359 
 
 
 
 
 147
Abstract 
This study investigates the hemodynamic changes to various types of coronary 
stenosis in the left bifurcation, based on a patient-specific analysis. Twenty two 
patients with left coronary artery disease were included in our study. All stenoses 
involving the left bifurcation were classified into four types, according to their 
locations: A) left circumflex (LCx) and left anterior descending (LAD), B) LCx only, 
C) left main stem only, and D) LAD only. Computational fluid dynamics (CFD) was 
performed to analyze the flow and wall shear stress (WSS) changes in all 
reconstructed left coronary geometries. Our results showed that the flow velocity and 
WSS were significantly increased at stenotic locations. High WSS was found at 
>70% lumen stenosis, which ranged from 2.5 Pa to 3.5 Pa. This study indicates that 
WSS plays an important role in providing information about the extent of coronary 
atherosclerosis in patients with significant stenosis in the left coronary artery branch. 
 
Keywords: Atherosclerosis, coronary artery disease, hemodynamic, wall shear stress 
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1. Introduction 
Hemodynamic parameters cannot be directly measured in vivo; accordingly, 
computational fluid dynamic analysis has become established as a method to predict 
hemodynamically induced shear stress in the coronary arteries. Low shear stress 
normally occurs at the bifurcated region due to the coronary angulation. Recently, 
wide angled bifurcations have been reported to lead to the development of 
atherosclerosis [1]. Studies using medical imaging techniques have revealed the 
distribution of coronary stenosis in the left main bifurcation, and evaluated the 
relationship between the bifurcation angle and development of coronary disease [2], 
[3]. It is generally believed that the left coronary artery geometry is more 
complicated than the right coronary artery since the left side consists of two large 
main branches forming an angle, with many side-branches [1]. Various 
configurations of bifurcation stenosis have been classified, that involve the left main 
coronary bifurcation; identification of the appropriate classification is a significant 
component in planning the appropriate treatment [4]. Bifurcation stenoses cause 
considerable lumen narrowing [4]. A stenosis of greater than 50% diameter results in 
significant flow changes to the coronary artery [5]. 
Early studies used computational fluid dynamics to analyze a >50% coronary 
stenosis distributed around the main bifurcation with promising results achieved [6], 
[7], [8]. Results showed the change of flow parameters at the bifurcated regions, and 
it produced some effects on the hemodynamic factors in coronary side-braches. 
Another study investigated the coronary blood flow under the diseased condition, 
with an assumed degree of stenosis [9], [10]. Despite the use of computer simulation 
in these studies to investigate the hemodynamic changes in coronary models, there 
have been no reports about the realistic bifurcation stenosis based on patient-specific 
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models. In this study, we aim to investigate the hemodynamic patterns and wall shear 
stress with detection and classification of the types of bifurcation stenosis based on a 
group of patients with suspected coronary artery disease. Research findings from this 
study could improve our understanding of hemodynamic effects of various stenosis 
distributions in the left coronary artery and the pathogenesis of coronary artery 
disease. 
2. Material and Methods 
2.1. Patient datasets 
Twenty two patients suspected of coronary artery disease (CAD) were 
selected to represent the presence of stenosis at the left main coronary bifurcation. 
Patient’s characteristics were shown in Table 1. Figure 1 shows an example patient, 
with a stenosis at the left main stem branch. All patients underwent coronary CT 
angiography, performed on a 64-slice CT scanner to allow the acquisition of high 
resolution cardiac images. CT volume data was used to reconstruct the actual 3D 
luminal models. Volume data post-processing was performed on a workstation 
equipped with Analyze 7.0 (Analyze Direct, Inc., Lexana, KS, USA). Image 
segmentation was used with a semi-automatic method with CT number thresholding, 
and scan-related artifacts and soft tissues were manually removed in some slices 
[11], [12]. The segmented 3D luminal models were created with an emphasis on the 
left main coronary bifurcation, which is composed of left main stem (LMS), left 
anterior descending (LAD), left circumflex (LCx), and its side branches. The 3D 
luminal models of twenty two patients were saved in ‘STL format’ for the generation 
of computational geometries. Blender version 2.48 (Blender Institute, Amsterdam, 
Netherlands) was used to reconstruct the 3D computational models. The twenty two 
geometries of arteries around the LMS, LAD and LCx were obtained from the 
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patient datasets with suspected CAD. The stenosis boundaries were kept in original 
from all anatomical structures that were shown on the CT images at left main 
bifurcation and its side-branches. The luminal surface geometries, consisting of 
stenosis boundaries, were converted into solid geometries and saved in ‘STL format’ 
for the meshing methodology. 
2.2. Types of stenosis in the left coronary bifurcation 
The coronary CT angiography images were used to classify the type of 
bifurcation stenosis at the left coronary artery in all patients [13]. These twenty two 
patients were classified according to the types of bifurcation stenosis: A) stenosis 
involving the ostium of the LCx and LAD branches; B) stenosis involving the ostium 
of the LCx branch; C) stenosis involving the LMS branch; D) stenosis involving the 
ostium of the LAD branch. The percentage of stenosis lumen was calculated based 
on measurements on CT images, as shown in Table 1. The diagram of stenosis 
classification of different types based on the patient datasets was shown in Figure 2. 
2.3. Flow computation and solution 
All realistic left coronary geometries were reconstructed with inclusion of the 
stenosis boundaries, referred to in Figure 2. The sample of four patients, with the 
different types of bifurcation stenoses in the left coronary artery is shown in Figure 3. 
Meshes were created for these geometries, with resolutions ranging from 9×105 to 
9.8×105 cells. Mesh independence tests were performed for all coronary geometries. 
ANSYS ICEM CFD version 12 (ANSYS, Inc.) was used for the meshing process, 
with details having been described in previous studies [1], [14], [15]. Transient flow 
replicating systolic and diastolic phase at the left coronary artery was applied as an 
inflow boundary condition at LMS [16]. The outflow boundary condition was 
applied with the flow ratio through the side-branches at the LAD and LCx [17]. 
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Murray's law [18] was used to define the flow relationship between inflow and 
outflow planes. Rheological parameters were applied, with a blood density of 1060 
kg/m3, blood viscosity of 0.0035 Pa s [19]. Blood flow was assumed to be laminar. 
The blood was assumed to be a Newtonian and incompressible fluid [19]. Blood 
vessels were assumed to be rigid, and a no-slip condition was applied at the walls 
[20]. The Navier-Stokes equations were solved using the ANSYS CFX version 12 
(ANSYS, Inc.), on a Microsoft Windows 7 32-bit machine, 6 GB of RAM with a 
Xeon W3505 2.53 GHz CPU. Each timestep was converged to a residual target of 
less than 1×10-4. ANSYS CFD-Post version 12 (ANSYS, Inc.) was used to calculate 
and visualize flow velocity and wall shear stress (WSS). 
The WSS is a commonly used factor in hemodynamic analysis; endothelial cells 
have been shown to align themselves with the flow direction that corresponds to the 
local WSS. The coordinates of the wall surface elucidate the interaction of 
instantaneous WSS vectors and endothelial cells [21]. The WSS is defined as: 
dt
T
T
n
tv  1 WSS
0∫ ∂
∂= μ                                              (1) 
where μ  is blood viscosity, vt is velocity vector near wall perpendicular to surface 
and n is distance to the wall surface, T  is pulsatile period, dt is the time derivative of 
the local shear stress. 
3. Results 
The classification types of realistic bifurcation stenosis among twenty two 
patients were represented in Table 1. Figure 3 shows patients with these four types of 
stenosis. Ten patients had type D stenosis (LAD branch) and eight patients had 
stenosis type A (LAD and LCx branches). Three patients had stenosis type B (LCx 
branch) and remaining one patient had stenosis type C (LCx branch). 
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3.1. Hemodynamic patterns in the left coronary bifurcation 
Flow patterns were calculated and compared in all types of bifurcation 
stenosis, as shown in Figure 4.  The velocity contour levels ranged from 0 mm s-1 to 
30.50 mm s-1 with 2.18 mm s-1 between levels. Figure 4A shows the bifurcation 
stenosis at the LCx and LAD, and this case revealed a type A stenosis. The high 
velocity surrounding the bifurcated location was found at the LCx and LAD, which 
ranged from 6.54 mm s-1 to 10.89 mm s-1 and 13.07 mm s-1 to 17.43 mm s-1, 
respectively. The type B stenosis was shown in Figure 4B, and a high velocity near 
the bifurcation was reached, from 8.71 mm s-1 to 13.07 mm s-1 at LCx branch. 
Figure 4C shows the stenosis involving the LMS branch (type C) and a high velocity 
was reached, ranging from 6.54 mm s-1 to 8.71 mm s-1, which is close to the 
bifurcation region. Type D stenosis represented patients who had stenosis at the 
LAD, and a high velocity close to the bifurcation ranging 17.43 mm s-1 to 19.61 mm 
s-1. In this analysis the velocity change was found to be high at the stenosis located 
near the bifurcation areas. The flow variation during diastolic phase was similar to 
the systolic phase, as the stenosis resulted in high velocity surrounding the 
bifurcation locations. 
3.2. Wall shear stress in the left coronary bifurcation 
Wall shear stress was calculated and compared in all patients with the various 
bifurcation stenoses, as shown in Table 2 and Figure 5. WSS distributions were 
mainly plotted to present the effects of lumen stenosis at left coronary bifurcations. 
Calculated WSS values during cardiac cycle ranged from 0 Pa to 3.50 Pa. Figure 5A 
shows the impact of stenosis at the LCx and LAD close to the bifurcation, 
representing patient stenosis in group 1. WSS variations increased at LCx and LAD 
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branches, ranging from 1.75 Pa to 2.0 Pa and 2.25 Pa to 2.5 Pa, respectively. Figure 
5B demonstrates that the WSS increased at LCx ranging from 3.25 Pa to 3.5 Pa, 
which represented the type B stenosis. In addition, the stenosis at LMS had minor 
effects on WSS changes, which ranged from 0.75 Pa to 1.0 Pa near the bifurcation 
region, as shown in Figure 5C. Figure 5D shows stenosis located at LAD branch with 
WSS increased from 3.25 Pa to 3.5 Pa. In this situation, WSS change was found to 
increase at the stenotic areas in all patients. The WSS variation during systolic and 
diastolic phases was the same as WSS change, which increased depending on the 
types of stenosis in Figure 2 and the degree of lumen stenosis. 
4. Discussion 
This study investigated the flow change and WSS distribution in the left 
coronary, based on different types of stenosis from a group of patients presenting 
with coronary artery disease. The datasets used, consisted of reconstructions of the 
realistic left coronary geometries of 22 patients. Our results showed the various 
hemodynamic changes due to different types of stenosis, mainly due to the 
involvement of different left coronary branches. Thus, our study has potential value 
for improving the understanding of the impact of various types of bifurcation 
stenosis, and accordingly, the pathogenesis of coronary disease. 
Coronary artery disease generally forms near the bifurcation, due to the blood 
vessel’s inherent angulation and tortuosity, leading to low WSS [1], [2], [5]. Medical 
imaging techniques such as CT angiography provides excellent anatomical details of 
the coronary lumen changes, however, they are  unable to provide hemodynamic 
factors such as WSS distribution and flow variation. Recent studies have used 
computational fluid analysis to overcome the limitations of imaging modalities by 
characterizing hemodynamic changes in the situation of coronary disease [6], [7], 
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[8], [9], [10]. Many studies reported in the literature have paid attention to the degree 
of stenosis and the effects of stenosis originating in left bifurcation to side-branches 
and subsequent hemodynamic changes [6], [7], [8], [9], [10]. There is very little 
research being conducted, correlating hemodynamic change with the various types of 
bifurcation stenosis in the left coronary artery.  
This study focuses on two important factors: velocity and WSS, and the 
characterization of the flow patterns and WSS variation at stenosis locations in left 
main coronary bifurcation. The velocity was found to increase at stenotic locations in 
all types of bifurcation stenoses (as indicated with arrows in Figure 4). Factors that 
influence the velocity increase, include vessel diameter, bifurcation angle, vessel 
tortuosity, and length of the LMS branch [1], [6], [7], [8]. The patient demographics 
(Table 1) in this study showed that only one patient had insignificant stenosis 
belonging to type C, indicating a long LMS branch (Figure 4C).  In contrast, the 
remaining 21 patients had very short LMS branch, thus, responsible for involvement 
of more left coronary branches (Figure 4A, B and D). Consequently, the length of 
LMS branch directly affected the flow field, leading to velocity changes in the left 
coronary artery, and this may be a factor that contributes to the coronary disease. 
Further studies focusing on the length of LMS in relation to the corresponding 
hemodynamic changes are needed to verify our results. 
WSS was found to increase at the stenosis location in all patients due to the 
degree of narrowing of the lumen when compared to the WSS near bifurcations, as 
shown in Figure 5. The patient with a long LMS branch and a 30% stenosis 
displayed minor WSS change at the stenosis locations (arrows in Figure 5C), while 
other patients showed WSS to be high at locations close to the bifurcations (Figure 
5A, B and D). WSS affects biological signals to mechanoreceptors in endothelial 
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cells, and it can affect gene expressions causing changes to the cellular functions of 
vessel walls [22], [23]. Low WSS was defined as < 1 Pa, intermediate WSS as >= 1 
Pa to < 2.5 Pa, and high WSS as >= 2.5 Pa.23,24 In this study, High WSS was found in 
vessel branches where a >70% stenosis was present, in a group of patients who had 
presented with high WSS at stenosis regions (Figure 5B and D, arrows pointed). This 
is in line with previous reports [22], [23], [24]. High WSS is also indicated as a 
contributor to the rupture and thrombosis of advanced atherosclerotic in human 
coronary artery [24], [25], [26]. Therefore, it could be assumed that patients having 
stenosis at LAD branch (Figure 5B) could lead to the plaque rupture.  
Several limitations in this study should be addressed. Firstly, the walls of 
vessels were assumed to be rigid, a reasonable assumption in this case, supported by 
previous studies [20]. Secondly, the blood was assumed to be Newtonian, and this 
assumption is also supported by previous studies [6], [19]. Thirdly, the study 
population was restricted to a small number of patients that can only be classified 
into the four types of bifurcation stenosis at the left coronary artery. Therefore, future 
studies will use more patient’s data, representing various types of actual stenosis, 
including all possible disease conditions in the left main coronary artery. 
5. Conclusion 
This study investigates the effects of stenosis on WSS and flow variation at 
bifurcated regions, and the patients’ datasets were classified into the four types (A-D) 
of bifurcation stenosis. WSS and flow velocity was found to increase at different 
stenosis locations. WSS at >70% stenosis was significantly different from that 
observed at <30% of stenosis. Our results provide additional information about the 
hemodynamic effects of coronary stenosis when compared to medical imaging 
visualization, thus, improving the understanding of the hemodynamic 
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characterization of realistic bifurcation stenoses, although further studies based on a 
larger cohort are needed to confirm our results. 
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Figure 1. 2D medical imaging shows significant stenosis at left main stem due to 
calcified plaque, (arrow in A); corresponding virtual endoscopy confirms the 
lumen stenosis by demonstrating intravascular appearance (arrows in B). 
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Figure 2. The diagram shows classification system of bifurcation stenosis in the left 
coronary artery with stenosis involving LAD and LCx (A), LCx (B), LMS 
(C), and LAD (D). 
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Figure 3. The selected geometries of realistic left coronary models with bifurcation 
stenosis based on the classification system in Figure 2, (A) stenosis type A in 
patient No. 1, (b) stenosis type B in patient No. 7, (c) stenosis type C in 
patient No. 16 and (d) stenosis type D in patient No. 10. Arrows reveal the 
stenosis locations. 
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Figure 4. Flow patterns of velocity change surrounding bifurcation were reached at 
systolic of 0.2 s in patients who had (A) stenosis type A, (B) stenosis type B, 
(C) stenosis type C and (D) stenosis type D. Arrows identify the velocity to be 
high at stenosis positions near the bifurcations. 
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Figure 5. WSS distributions of WSS change surrounding bifurcation were reached at 
systolic of 0.2 s in patients who had (A) stenosis type A, (B) stenosis type B, 
(C) stenosis type C and (D) stenosis type D. Arrows identify the WSS to be 
high at stenosis positions nearby bifurcations. 
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Table 1. Patient characteristics: All patients with detection and classification of the 
types of stenosis at the left coronary bifurcations 
 
Number of diseased vessels Types of stenosis 
No. Age Sex LMS LAD LCx 
Percent 
Stenosi
s A B C D 
1 72 F - + + 60 9    
2 59 F - + + 60 9    
3 59 M - + + 50 9    
4 52 M - + + 50 9    
5 38 M - + - 40    9 
6 53 F - + - 60    9 
7 56 F - - + 70  9   
8 49 M - - + 40  9   
9 51 M - + - 65    9 
10 69 M - + - 70    9 
11 55 M - + + 50 9    
12 58 M - + - 50    9 
13 56 M - - + 50  9   
14 42 M - + + 30 9    
15 56 F  + - 50    9 
16 61 M + - - 30   9  
17 55 M - + + 60 9    
18 57 F - + - 50    9 
19 43 F - + - 40    9 
20 45 M - + - 40    9 
21 47 M + + - 40 9    
22 47 M - + - 50    9 
 
F—Female, M—Male,  “+”—Plaques-Inclusion, “-”—Plaques-Exclusion 
LMS—left main stem, LAD—left anterior descending, LCx—left circumflex 
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Table 2. Patient characteristics: All patients with correlation of WSS and stenosis 
lumen 
 
 
 No. Type WSS level (Pa) 
1 A 1.75 – 2.50 
2 A 1.75 – 2.50 
3 A 1.75 – 2.50 
4 A 1.75 – 2.50 
5 D 1.50 – 1.75 
6 D 2.25 – 2.50 
Intermediate 
7 B 3.25 – 3.50 High 
8 B 1.50 – 1.75 
9 D 2.25 – 2.50 Intermediate 
10 D 3.25 – 3.50 High 
11 A 1.75 – 2.50 
12 D 2.25 – 2.50 
13 B 2.25 – 2.50 
Intermediate 
14 A 0.50 – 1.00 Low 
15 D 2.25 – 2.50 Intermediate 
16 C 0.75 – 1.00 Low 
17 A 1.75 – 2.50 
18 D 1.50 – 2.50 
19 D 1.50 – 1.75 
20 D 1.50 – 1.75 
21 A 1.50 – 2.25 
22 D 2.25 – 2.50 
Intermediate 
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